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PREFACE TO FIRST EDITION. 



The object of this book is to present the elements 
of the entire subject of Physical Chemistry in one 
volume, together with the important and but little 
known applications of it to the other branches of 
chemistry. Many persons have found it difficult to 
obtain a comprehensive outline of the subject, owing 
to the length of time which it has been necessary to 
spend upon the separate volumes devoted to special 
portions of it. To all such this volume may be of 
value. 

It is especially intended as a text-book for either 
class-work or self-instruction, and although the cal- 
culus is used in the derivation of some of the laws, 
still much can be done without any training in the 
higher mathematics. In general, references are given, 
so that any one wishing to make an extended study 
of any special portion may do so with little difficulty. 
The amount of the subject included, however, em- 
braces that which is likely to be useful to all chem- 

• • • 

111 



IV PREFA CE. 

istSy and is that which is being given to all chemical 
students at Columbia University. 

No claims of originality are made for the major por- 
tion of the text, for Ostwald's Lehrbuch der all- 
gemeinen Chemie and Analytical Chemistry, as well 
as Le Blanc's Electrochemistry and Nernst's Theo- 
retical Chemistry, have been very freely used. Some 
things, however, will be found in a new form, which it 
is hoped is simpler and clearer than the usual one. 

The arrangement as well as the scope of the volume 
is new, which I think makes the subject more logical 
and clear. 

J. L. R. M. 

Department of Physical Chemistry, 

Havemeyer Laboratory, 

Columbia University, 

December, 1898. 



PREFACE TO THE SECOND EDITION. 



In preparing this edition, I have endeavored to do 
three things : first, to bring the subject-matter itself 
up to date; second, to make, wherever possible, the 
relations clearer than before; and third, to make the 
book itself more useful to those studying the subject 
without an instructor. The physical meaning of all 
relations is shown, so that those who have not suf- 
ficient mathematical training to actually derive the 
single relations will at least understand them and be 
able to apply them when necessary. Many things 
found superfluous in the old edition have been omit- 
ted and a number of new relations added. Following 
the advice of Prof. Ostwald, the chapter on the role of 
the ions in analytical chemistry has been given a place 
in Chapter VII between chemical equilibrium and 
kinetics. In Chapter X a collection of problems is 
given which will show the value and application of 
each important relation considered. This collection, I 
think, will be particularly acceptable to those study- 
ing alone, as well as to others who have already stud- 
ied the subject but not yet attempted to apply it. 

J. L. R. M. 
Havemeyer Laboratories, 

December, 1901. T 
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ELEMENTS OF PHYSICAL CHEMISTRY. 



CHAPTER I. 

INTRODUCTORY REMARKS. 

I. Physical Chemistry is that branch of the science 
of chemistry which has for its object the study of the 
laws and theories governing chemical phenomena. 

Other titles for this subject are also in use (General 
Chemistry, Theoretical Chemistry), but, since the sub- 
jects treated lie in that border-land between Physics 
and Chemistry, and since many purely physical 
methods are used, the term Physical Chemistry is to 
be preferred, and consequently is in general use. 
The subject of Physical Chemistry is usually divided 
into two parts: Stoichiometry and Chemical Energy, 
the latter term including the laws of affinity and all 
other allied subjects. As it is difficult, however, to' 
make a sharp distinction, we shall consider both 
together, dividing the subject only into minor portions 
in the form of chapters. 



2 ELEMENTS OF PHYSICAL CHEMISTRY. 

2. Energy. — Since much of our work has to do 
with the different forms of energy, it will be well first 
to recall some points which later we shall use con- 
stantly. 

Force is whatever changes, or tends to change, the 
motion of a body by altering its direction or its mag- 
nitude. A force acting upon a body is measured by 
the momentum it produces in its own direction in 
the unit of time. The unit of force is the dyne. A 
dyne acting upon a gram for one second would give 
it the velocity of one centimeter per second. Since a 
weight is used in this definition, only such forces are 
comparable which are measured at the same place. 
To avoid this difficulty it is simply necessary to mul- 
tiply the results by g, the acceleration due to gravita- 
tion at that place. At Washington a body falling 
freely for one second acquires the velocity of 980.10 
centimeters. In other words, the weight of one gram 
at Washington is equal to 980. i dynes, or i gram- 
centimeter is equal to 980. 1 dynes. 

Work, — The unit of work is that work which is 
done when unit force is overcome through unit dis- 
tance. This is called in the absolute system the erg. 
We have then 

dynes X cm. = ergs. 

The maximum work is that amount which can be 
produced under ideal conditions. 

Energy is the power of doing work which a body 
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possesses by reason of its state. Mechanical energy 
is of two kinds, kinetic and potential — the former 
being due to motion, the latter to position. As 
energy is measured by its power to do work, its unit 
is also the erg. Since it is impossible to remove all 
the energy from a body, we have no way of determin- 
ing how much is contained in it. The excess of 
energy which a body contains in a given state over 
what it contains in a certain standard state is called 
the available energy. It is determined by allowing a 
body to go from the given state to the standard state 
in such a way that the difference in energy all appears 

in one form, for example, as heat. If we measure 
this heat, we have the available energy of the body in 
terms of heat energy. 

3. The factors of energy. — It has been found that 
the different forms of energy can each be written in 
the form of the product of two factors. The one 
factor determines the amount of energy which can and 
must be absorbed by a body in going from one state 
into another. This is called the capacity factor of the 
energy. Upon the other factor depends the possi- 
bility of the transfer of the energy from one body to 
another in such a way that if the value of this factor 
for both the bodies is the same no transfer takes 
place. This is called the intensity factor of the 
energy. Bodies with the same value for the intensity 
factor are in equilibrium, i.e., no finite transfer of 
energy takes place between them. If the intensity 
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factor has a different value in two states of a sub- 
stance, an exchange of energy will take place between 
them until the intensity factor has become of the 
same value for both and equilibrium is established. 

Examples. — For heat energy we have, under certain 
conditions, for the capacity factor the capacity of the 
body for heat, while the temperature is the intensity 
factor. If two bodies at the same temperature are 
brought in contact, there is no change in them. 
Should however the temperatures be different, there 
. is an exchange of heat energy of such a nature that 
the temperatures become the same. Bodies contain- 
ing different amounts of heat, when brought together, 
remain unchanged provided their temperatures are 
the same. 

Volume energy is equal to the work required to 
cause a decrease of volume, or that which is done by 
an increase of volume. The intensity factor is the 
pressure, while the volume is the capacity factor. 
Imagine a gas enclosed in a cylinder which is provided 
with a movable partition. If on each side of this par- 
tition we have the gas, under different pressures, then 
the partition will move to the side with the smaller 
pressure, until the two become equalized. As long as 
the pressure is the same the volumes may have any 
relation without causing the partition to move. 

For kinetic energy, equal to i/2Mv^, the capac- 
ity factor is the mass, and the intensity factor is th(e 
velocity. 
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For electrical energy the amount of electricity is 
the capacity factor, the electromotive force being the 
intensity factor. 

In the same way all other energies may be divided 
into factors, and it has been found that the study of 
the different energies is much simph'fied by the 
process. 

In general, then, for all energies we have 

(i) E = ci, 

where c is the capacity factor and i the intensity 
factor, E representing the energy itself. 

If the energy is increased by an infinitesimal amount, 
then 

dE = d{ci) = cdi + idc ; 

and from this we may find the equations for c^ /, dc^ 
and di. They are: 

dE 

(2) c =^ —p {dc = o, r = const.); 

dE 

(3) di = — (<3fc = o, ^ = const.) ; 

(4) i=z — (di = o, i = const.); 

dE 

(5) dc =z --r- {di =0, z = const.). 

If in a system there are two kinds of energy which 
are so related that a change in the one causes a 
corresponding change in the other, i.e., one is a 
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function of the other, then if the two kinds of energy 
are E^ and E^ 

dE^ = dE^ 
or 

d{c,i^ = Ac^i^ ; 

i.e., if ^ = const. 

(6) c^di^ = c^di^ ; 

This method of deriving an equation giving the 
relation between two kinds of energy in one system 
is very useful, and we shall have occasion to use it 
later. 

4. Methods for the determination of the atomic 
weight. — Since we shall consider the molecular 
weights of substances rather deeply, and as these are 
found from the atomic weights, it will be well first to 
understand the general methods of the determination 
of the latter. 

First method. — We find how much of an element or 
compound of known atomic weight will unite with a 
certain amount of the element whose atomic weight 
is to be determined. 

If by experiment it is found that u grams of i/(the 
unknown) combine with k parts of K (the known), 
then 

U \ K \ \ u \ ky 
or 
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Examples (Berzelius). — 25 grams of Pb when oxi- 
dized with HNO, give 26.925 grams of PbO. 25 
grams of Pb combine, then, with 1.925 grams of O, 
and since the atomic weight of O is 16, that of Pb is 

^^I6X_25^ 

1.925 ^ 

On the other hand 21.9425 grams of PbO, when 
reduced by hydrogen, give 20.3695 grams of Pb. 
Here 20.3695 grams of Pb are combined with 1.5730 
grams of O; hence 

16 X 20.3695 
U = = 207.2. 

1.5730 

Second method, — We find how much of an element 
or compound, of known atomic weight, will react with 
a compound of elements, the atomic weight of one 
being known. 

Let k^ grams of K^ correspond to k^ grams of the 
compound U '\' K^. If K^ and K^ are the known 
atomic weights, then £/, the unknown one, is found 
from the proportion 

i.e., 

Examples. — 5.414 grams of NaCl are necessary to 
completely precipitate 10 grams of Ag (Pelouze). 
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The atomic weight of Na, since K^ = 107.94 and 
^. = 35-45. 5s 

107.94 X 5»4i4 ,,,,_^^^^ 
6/ = — 35.45 = 22.99. 

From 13.6031 grams of CaCO,, by ignition, Erd- 
mann and Marchand found 7.6175 grams of CaO. 
This amount had been united with 5.9856 grams of 
CO,. ^=CO, = 44, AT, = 0=16, >fe, = 5.9856, 
and ^, = 7.6175 ; hence 

"^ = 5.9856 '^ = ^''•^'- 

Third method, — A known amount of a compound, 
containing the element whose atomic weight is to be 
determined, is transformed into another compound 
with elements whose atomic weights are known. 

If ATj and AT, are the atomic weights of the elements 
which are combined with the unknown one Uy and k^ 
parts of the one have given k^ parts of the other, then 

or 

Example (Struve). — From 100 parts of BaCl, 
112.0938 parts of BaSO^ can be obtained. Here 
K^ = CI, = 70.908, K^ = SO, = 96.061 ; hence 

rr 112.0938(70.908-96.061) 

C/Ra = B 90.001 = 137.07. 

«* 100—112.0938 ^ 0/ / 
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The possible error in these three methods depends 
principally upon the atomic weights which we substi- 
tute in the equations. Since in the first method there 
is but one known atomic weight, that method is the 
most accurate, the second being next and the third 
last. 



CHAPTER II. 
THE GASEOUS STATE. 

5o Definition of a gas. — A gas is distinguished by 
its property of indefinite expansion. In other words, 
a gas is limited in volume only by the walls of the 
vessel which contains it. 

6. The gas laws. — These are the result of experi- 
ence as to the behavior of gases in general under 
varying conditions. 

Boyle* s {Mariotte*s) law: At constant temperature 
the volume of any gas is inversely proportional to thi 
pressure under which it exists. 

If V represents the volume of one gram of a gas at 

the pressure /, and z/, the volume of the same amount 
of the gas at the pressure/,, then 

(7) pv = /,z/, = constant for constant temperature. 

If the temperature is different for the two cases the 
product pv is no longer equal to the product p^v^. 

The effect of a change in temperature upon the 

volume of a gas is given by the law of Charles 

{Dalton, Gay-Lussac) : The volume of any gas increases 

by the i/2yj part of its volume at 0° C, for every in* 

10 
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crease of its temperature equal to i^ C. If v^ is the 
volume of the gas at o° C, the volume at any tem- 
perature is 

(8) v, = vli+at\ 

where / is the temperature and ot is the coefficient of 
expansion of all gases, i.e., 1/273. ^y Boyle's law, 
if the volume remains constant and the pressure alone 
varies, we have 

If the temperature were decreased continuously 
from 0°, we would finally reach a point at which the 
volume is equal to zero. Provided that the law of 
Charles holds for such a low temperature, this point 
will be 273 centigrade degrees below 0° €• This point 
is called the absolute zero^ and the temperature meas- 
ured from it in centigrade degrees is the absolute tern- 
perature. This is designated by the letter 7", the 
temperature according to the centigrade scale being 
distinguished by the letter /. Between these two 
terms we have, then, the relation 

r=/ + 273, or /=r-273. 

By the aid of equation (8) it is now possible for us 
to find the value of the product of volume and pres- 
sure at any temperature if we know it for 0° C. As- 
sume in the equation 

Px^x = A% — constant 
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the constant temperature to be o° C, the pressure 
/o to be 76 X 13.59= 1033 gr. per D cm., and the 
volume v^ to be that of one gram of the gas meas- 
ured under these conditions. /» is then any other 
pressure, and v^^ the corresponding volume for this same 
temperature of 0° C. 

If the product pv is constant for any one tempera- 
ture, an increase of the latter will cause one in the 
former, for both pressure and volume increase with 
the temperature. If one of the factors remains con- 
stant, the entire change will take place in the other, 
and the value of the product pv for this temperature 
can be found. This value of pv^ however, will be 
constant for that temperature (Boyle's law), so that it 
is indiflferent whether the temperature changes only 
one factor or both. Equation (8) gives us the change 
in volume when the pressure remains constant, and 
(8^) when the volume remains constant ; so we obtain 
as an equation giving the value of pv for any temper- 
ature 

pv^p,v.{i +a/), 

which holds for constant volume, for constant pres- 
sure, or for a variation in both pressure and volume. 
Another derivation is as follows : For constant vol- 
ume we have the pressure/' = /o(i + ^0» ^md for con- 
stant pressure we have the volume v' = vji^i -\- at). 
If both pressure and volume vary, by Boyle's law 
we have 



THE GASEOUS STATE. 13 

p = ^'~ and V = V—, and by elimination of p' and v' 
'^ V p 

we have 

Since a = Tj^J^Y ^"^ /=7'— 273, 

^ 273 

This term -~--^ is, however, a constant for any one 
273 ^ 

gas, for /, = 1033 and v^ is the volume occupied by 
one gram of the gas under this pressure at the tem- 
perature of 0° C. 

If v^ is the volume of i gram of gas at o**, 76 cms., 
we have 

/z;= r7\i.e., t^ for i gr. = r), 

273 I 

where v is the volume of i gram of gas at the tem- 
perature J", and the pressure / and r is the specific gas 
constant. 

If V and v^ refer to the mol,* then, since at 0° this 
volume is the same for all gases, we have 

(9) /F= 7er(i.e., 1^* for I mol = R), 

* From here on we shall call the molecular weight in grams the mol, 
as has been proposed by Prof. Ostwald. A mol of any gas at o* and 
76 cms. pressure occupies 22.4 liters, which is the average result of many 

determinations. 
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where R is the molecular gas constant^ which is the 
same for all gases, r multiplied by the molecular 
weight of the gas gives R, 

Equation (9) is the equation of state for gases. In 
it /, the pressure, is to be expressed as a weight in 
grams upon the square centimeter, F, the volume of 
one mol in cubic centimeters, and T the absolute tem- 
perature in centigrade degrees, i.e., 7"=/+ 273®. 

The molecular gas constant R may be calculated as 

follows: R = -^ ; F. = 224CX) cc. ; 

22400 X 1033 « « 
hence R = -^ — — — — = 84800 gr.-cms. 

273 

If A is given in atmospheres and F^in liters, we have 

^^^ = — ^ = 0.0821 liter-atmospheres. 
T 271 

Daltons law refers to the pressure exerted by the 
single gases in a mixture of gases. 

The pressure exerted upon the walls of a vessel^ con- 
taining a mixture of gases y is equal to the sum of the 
pressures which the single gases would exert were they 
alone in the vessel. The exact meaning of this will be 
seen from the following example: When into a closed 
exhausted vessel we introduce one gram of gas it 
will exert a certain pressure upon each square centi- 
meter of the surface. If now we introduce a second 
gram of the same or a different gas,' this second gram 
will exert exactly the same pressure upon the vessel 
that it would have exerted had the first gram not been 



THE GASEOUS STATM. i^ 

there. Upon the walls, however, the pressure is now 
doubled. 

One law still remains to be considered which has 
had and still has great value in chemistry; it is 
Avogadro* s law or hypothesis : All gases under the 
same conditions of pressure and temperature contain in 
unit volume the same number of molecules. This law 
is of particular value for the reason that by its aid we 
are able to determine the molecular weight of gases, 
or of substances in gaseous form, from their densities. 

Since equal volumes contain the same number of 
molecules, the weights of these volumes must be re- 
lated in the same way as are the weights of the mole- 
cules themselves. 

The density of a gas is the weight of the unit of 
volume. If the molecular weights of two gases are 
m, and /«, and their densities are d^ and d^^ then we 
have the relation 

or 

tn. m^ m^ ^ ^ 

— ^ = --f =z —^ = constant. 
d, d^ d^ 

Since the atomic weight of hydrogen is assumed to 
be I (molecular weight =2), if its density is also consid- 
ered as unity, and we have for any gas 

m 2 
'd^T 
or 

m = 2d; 



1 6 ELEMENTS OF PHYSICAL CHEMISTRY. 

i.e., the molecular weight of any substance in the gaseous 
state is equal to twice its vapor density referred to 
hydrogen as unity. 

7. The specific gravity of gases. — The specific 
gravity of a gas is the weight of the unit of volume, 
but as this is always very small it is customary to 
find in these terms the value of a certain gas taken as 
a standard and then to express the density of other 
gases in terms of this gas, taken as unity. 

The composition of air varies so that oxygen has 
been chosen for the chemical standard. Since this is 
very easily obtained in the pure state and its atomic 
weight has been accurately determined, its advan- 
tages as a standard are apparent. 

One liter of O weighs 1.4290 grams at 0** and 76 
centimeters pressure. Its specific volume, i.e., the 
volume of i gram at any temperature and pressure, is 

V = ^^— cc. 

/ 

I 76(1 ■\-oct) 76(1 +a/) 

z/= —^—- ^ = 699.80 ^ ' ' cc. 

0.0014290 P P 

Its density, i.e., the weight of i cc. at any tempera- 
ture and pressure, is the reciprocal of the specific 
volume, i.e., 

rf = i = 0.0014290 76(7^^ grams. 

The molecular volume, since O = 32, is 

76(1 + o(t\ 
J^ = 32 X 699.80 " grams. 
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If w IS the weight of a gas, and ^ is the weight of 
an equal volume, under like conditions, of the stand- 
ard gas, i.e., O, the specific gravity of the gas is 

w 

Since the relation in weight between hydrogen and 
oxygen is known frj = 15.88J, it is possible to cal- 
culate densities in terms of the former and thus to 
find the molecular weight. 

8. Methods of determining the specific gravity. — 
Here we shall consider the subject both for gases and 
for the vapors generated from substances by heat, 
since the determination of the latter is of importance 
for the ascertaining of the molecular weight. For 
convenience we shall divide the subject into three 
groups of methods, but consider only the theory of the 
methods, assuming that the student will look up the 
practical details in one of the many laboratory manuals. 

A. The weight of a certain volume of the gas. — This 
may be used both for gases and for the vapors given 
off by substances under high temperatures. 

ot. For gases, — The weight of a certain volume is 
found by weighing first a balloon filled with the gas, 
and then exhausting this and weighing it alone. In 
this way we can find the weight of the volume of gas, 
and by comparing this with the weight of the same 
volume of oxygen ascertain the density. 

P, For gases generated by heat from substances 
{Dumas). — Here the process is slightly different. 
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The substance is placed in a weighed flask with a slender 
neck and the whole heated to a constant temperature 
until the substance is all transformed into gas, when the 
neck of the flask is fused together. After cooling, the 
flask is weighed and the neck cut off so that the volume 
of the flask can be found from the weight of water it 
will contain. We have then the weight of a certain 
number of cubic centimeters of the gas, which, when 
compared with the weight of an equal volume of 
oxygen, will give the density referred to that gas, and 
then by calculation that based upon hydrogen. 

This method of Dumas has been further modified, 
so that it is possible to work under diminished pres- 
sure and consequently at lower temperatures, which is 
of great importance in case the substance decomposes 
at a higher temperature. The flask for this purpose 
IS the same as that used before except that the neck is 
connected with an air-pump and manometer. When 
the pressure has reached the desired point the tem- 
perature is increased until the substance goes into the 
gaseous form, when, as above, the neck is sealed. 
The calculation is the same as before except that the 
pressure under which the gas exists is equal to that of 
the barometer minus that of the manometer. 

B, The volume occupied by a certam weight, — By 
these methods we avoid the error which is always 
present when the weight of a volume of gas is deter- 
mined. The substance, in solid or liquid form, is 
weighed and then transformed into the gaseous state, 
the volume which it then occupies being measured. 
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The method of Gay-Lussac, as improved by Hof- 
mann, is intended only for the determination of the 
specific gravity of the gases formed from solid or 
liquid substances. A weighed amount of substance 
is brought into the Torricelli vacuum of a barometer- 
tube, which is surrounded by a temperature-bath, 
and the volume of the gas measured. The gas is 
under a pressure equal to that of the atmosphere 
minus that of the column of mercury in the tube. 
This volume of gas, reduced to 0° C. and 76 cms. of 
Hg, weighs just what the original substance did, and 
this weight compared with that of an equal volume of 
the standard gas will give the density. 

The method of Victor Meyer differs from that of 
Hofmann in that the gas is formed in a flask and dis- 
places the air, the volume of this at a lower tempera- 
ture being measured in a burette connected with the 
flask. This volume is of course the same as that the 
substance itself would assume at that temperature, 
provided that no condensation takes place, for the 
coefficient of expansion of all gases is the same. 

The method under this group which may be used 
for gases in general is to pass a determined volume of 
the gas over or through a weighed substance which 
will absorb it all. In this way the difference in 
weight of the substance before and after the passage 
of gas gives the weight of the determined volume of 
gas. Thus oxygen may be absorbed by glowing 
metallic copper, the copper oxide formed giving the 
weight of copper plus oxygen. 
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C. The value of this method (Bunsen*s), which is 
adapted only to gases, is that but very small amounts 
of substance are needed for the experiment. It 
depends upon the relation of the velocity of outflow 
of a gas through a small aperture to the specific 
gravity of the gas. The formula is derived as follows: 
Let / be the difference between the pressure under 
which a gas exists and that of the atmosphere, and v 
be the volume of the gas which flows out in the unit of 
time. The total work done by the change in volume 
is then pv. Since this work is used to force the gas 
out, it is equal to the increase of kinetic energy of the 
gas, i.e., 

pV = l/2W^, 

where c is the increase of velocity in the direction of 
the flow, and m is the mass of the gas. If equal 
volumes of different gases are considered, flowing 
through the same-sized openings under the same pres- 
sure, then 

pv = i/2m^c^y pv = i/2m^c^j 
or 



or, since the masses of equal volumes are proportioned 
to their densities 

The apparatus used by Bunsen is very simple. A 
glass tube having a very fine opening at one end, 
below which is a stop-cock, is clamped into a vessel of 
mercury. In this tube is a piece of glass rod to act 
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as a floaty while on the outside of it are two marks 
close together. The gas is now passed into the tube 
at a certain pressure, and the tube lowered into the 
mercury until the float is just at the lower mark. The 
cock is then opened and the time necessary for the 
passage of the float from the lower to the upper mark 
observed. Since the time is inversely proportioned 
to the velocity, we have 

By carrying out the experiment for one gas and then 
for hydrogen we can find the density of the gas in 

terms of hydrogen. The marks are placed quite close 
together and the fine opening is made by a needle- 
point, sa that the pressure may be considered as con- 
stant throughout the experiment and the time of 
outflow is large enough to prevent experimental error. 
9. Abnormal vapor-densities. Dissociation. — The 
specific gravity or density of the gases generated by 
heat from substances has been found in many cases to 
be too small, i.e., the molecular weights thus deter- 
mined are smaller than the theoretical values. There 
are but two possible explanations for this : either Avo- 
gadro's law does not hold, and the correct molecular 
weight cannot be determined from the density, or the 
substance decomposes in such a way that there are 
more molecules present than there should be. As 
Avogadro's law holds under these conditions, in all 
other cases the latter explanation is the accepted one. 
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If a substance decomposes in such a way that from 
each molecule of the gas there are two others formed, 
then the vapor density must be one half what it should 
be. For each volume of the undecomposed gas we 
shall have two volumes of the gases formed from it 
at the same temperature, since by Avogadro's law we 
have the same number of molecules in equal volumes. 
These two volumes, however, will weigh the same as 
the original one volume, so that the weights of one 
volume of the mixed gases will be one half that of one 
volume of the undecomposed gas. St. Clair Deville 
called this decomposition dissociation. Thus NH^Cl 
dissociates according to the scheme 

NH.Cl^NH, + HC1, 

where the sign ^^^^ means that the reaction may go in 

either direction, according to the conditions. That 
these two gases, NH, and HCl, are actually present in 
the vapor of NH^Cl can be shown in the following 
way (Pebel and Than): A lump of solid NH^Cl is 
placed in a tube upon an asbestos plug and the 
temperature of the tube raised. The NH4CI now 
volatilizes and dissociates in NH^ and HCl. Since 
NH, is the lighter gas, it diffuses more rapidly through 
the asbestos plug than the HCl, consequently on one 
side of the plug we shall have an excess of HCl and 
on the other an excess of NH,. The presence of 
these two products may be shown by passing a cur- 
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rent of dry air through the parts of the tube on each 
side of the plug and then over moistened litmus paper, 
which will show the nature of the gases present. 

There are certain conditions under which alone 
those three products may exist together the expression 
for which we shall derive later, and for the present 
consider as empirical. These conditions are summed 
up in the equation of equilibrium 

(10) Kp^pj>^, 

where / is the partial pressure of the undissociated 
gas, while /j and/, are the same for the products of 
the dissociation, all measured in grams per square 
centimeter. K is the dissociation constant of the gas, 
which depends only upon its nature and temperature. 
For the partial pressure we may substitute the pro- 
portional term concentration, i.e., the number of 
mols to one liter. We have then 

(11) K'c^c^c^, 

K of course differs from AT', for when c=^i^ p 
= 22.4 atmospheres, so that in general 

./ 

22.4' ^ ^ 

If NH^Cl is present in a closed vessel provided with 
a stop-cock and manometer, and the vessel is heated, 
NH^Cl gas is given off, which dissociates into NH, 
and HCl until equation (10) is fulfilled. If we observe 
the temperature and pressure, and allow some of the 
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gas to escape, the pressure decreases. As soon as the 
cock is closed again, however, the pressure rises, until 

at the temperature before, observed we have exactly 
same pressure. For every temperature we findy then, 
a certain corresponding pressure and vice versa. 

Further, if we introduce one of the products of dis- 
sociation, the dissociated portions unite to form the 
undissociated portion. This is evident from equation 
(id). If /i is increased, then the product /,/, is 
larger than before and the equation does not hold. 
The only way possible for it to hold is for the pres- 
sure of the dissociated portions to decrease, i.e., for 
them to unite to form undissociated portion, thus in- 
creasing the left side and decreasing the right. Since 
AT is a constant, the increase on the left side must 
take place in the undissociated portion, i.e., if any one 
of the products of dissociation is added to a system, the 
undissociated portion increases. This relation can be 
shown by a simple example. If the dissociation has 
produced 4 mols of each of the two products and left 
8 mols of undissociated substance, we have 

SAT' = 4 X 4, 
K =• 2. 

If now we add to the equilibrium 8 mols of one of the 
products, then, in order that K^ may remain constant, 
it is necessary for 2 mols of one product to unite with 
2 mols of the other, forming 2 mols of the undisso- 
ciated portion. In this way, ^nd only in this, is it 
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possible for K' to remain constant. We have then, 
after the new equilibrium has been established, 

\oK' = (8 + 2)2 , 
whence 

AT' = 2. 

A solid substance going into gaseous form has a cer- 
tain pressure (vapor-pressure) at which it sends its 
molecules into the vessel. This pressure depends 
upon the temperature. The volatilization continues 
until the counter-pressure of the molecules in the gas 
formed just equals the vapor-pressure of the substance. 
If there are already molecules of the substance in the 
gaseous space, then the amount volatilized will be 
smaller for any one temperature than it would other- 
wise be, but the volatilization will continue until the 
same final pressure of those molecules is reached. 

If the substance going into gaseous form dissoci- 
ates, then the products behave just as the molecules 
did in the previous case. If, then, NH^Cl is volatil- 
ized into a space containing NH,, the equation 
K'c = CyC^ at any one temperature will be satisfied 
more rapidly than is the case in the absence of NH, 
gas, and the dissociation of NH^Cl will be decreased, 
as is self-evident from the example above. 

Since gases dissociate, it becomes important to 
determine to what extent the dissociation takes 
place. This it is possible to find from the relation of 
the vapor density to the dissociation, i.e., the de- 
pendence of both upon the number of molecules. If, 
for example, ol is the percentage of the gas dissociated^ 
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i.e., the degree of dissociation^ and we start with one 
mol of the gas, then i -- a is the undissociated por- 
tion. If there are n mols of the products formed 
from I mol of the gas, the total number of mols 
present at any time is 

not + (i —a ) = [i + (« — i)«]. 

The ratio, then, of i to i + (« — i)awill be the 
same as that of the vapor density as it is to the vapor 
density as it should be, i.e., 

I (h 

I + (« — i)a "~ dj 

Where d^ is the vapor density as it should be (i.e., 
as it is without dissociation), and d^ is what it actually 
is, the degree of dissociation is then 

d^ — d^ 
a = — — 

(«- iK' 

If a substance dissociates completely into two 
products, its vapor density is 1/2 what it should be ; 
if into three, 1/3, etc. 

Examples, — NH^Cl v.d = nearly 1/2 what it should 
be; hence 

NH,C1 = NH.+ HC1. 
CO(NH0ONH v,d-= nearly 1/3; hence 
CO(NH.)ONH, = CO + 2NH.. 

When I mol of gas is formed from a solid or liquid 
against the pressure /, the work done is equal to 
pV{z=i RT), In the case the substance gives off a gas 
which dissociates into two or more gases, i mol of 
the original substance is equal to more than i mol 
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of gas, and the work done is equal to ipV{=^ iRT)^ 

where / is the total number of mols of gas, equal to 

(i — «)+ not. 

The process of dissociation is a very common one, 

and proofs of it, quite as good as the one by Pebel 
and Than already mentioned, are numerous. A few 

of them are given briefly below. 

PCl^ when heated shows a green color which in- 
creases with the temperature. This is due to the dis- 
sociation into PCI, and CI,. 

NjO^ by heat becomes brownish red, due to the for- 
mation of 2 NO,. At 500° C. this color disappears 
entirely, for then 2NO, breaks down into 2NO and O, 
both of which are colorless. 

When a gas composed of a heavy and a light ele- 
ment is dissociated by heat in an open tube, and cooled 
suddenly, the heavy element will crystallize out. This 
is owing to the fact that the two gases go through the 
tube with a different velocity and the sudden cooling 
forms a compound of what is left, and the heavy ele- 
ment, being in excess, remains to a certain extent in the 
free state. An example of this is given by Marsh's test. 

The specific heat of a dissociating gas is very large 
owing to the fact that the heat supplied increases the 
dissociation as well as the temperature. When the 
dissociation is complete the specific heat becomes con- 
stant. Thus we have for acetic acid gas : 

/ 129'' 160** 200° 240** 280° 

^. . . . 1.50 1.27 0.95 0.64 0.480 
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The specific heat of a dissociating gas also varies 
greatly with the pressure, as does the dissociation. 

The conduction of heat by a dissociating gas is very 
much larger than by a gas not capable of dissociating. 
The heat at the one side causes dissociation, and the 
products of dissociation go to the colder portion, where 
they unite, giving up heat and causing other molecules 
to dissociate, which in their turn diffuse and unite, 
etc. This process continues until the gas is all dis- 
sociated, when its conduction of heat becomes normal. 

lo. The kinetic theory of gases. — This theory 
was developed by Kronig (1856) and Clausius (1857). 
The fundamental idea of it is that the pressure of a 
gas is due to the motion of its molecules, i.e., to the 
kinetic energy which they possess. The molecules 
are assumed to be in rapid motion in straight lines, 
and cause the pressure by their collisions with the 
walls of the vessel. By the aid of this assumption it 
is possible to derive the gas laws and many other re- 
lations. We shall simply derive two gas laws, so as 
to become familiar with the theory. 

If the mass of a gas-particle is fn and its velocity is 
^, then each collision with the parallel walls will exert 
a force equal to 2mc. If the molecule is perfectly 
elastic, it receives back again the same velocity in the 
opposite direction. 

Assume a hollow cube full of such particles, and let 
the side of the cube be / and the number of mole- 
cules be n. 

The motion takes place in all directions, so that we 
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shall take advantage of that law of mechanics by 
which any velocity may be divided into three com- 
ponents, parallel to the edges of the cube, the diagonal 
of which is the velocity. If c is the velocity and u, 
Vf and w are the components, then 

where «, v^ and w may assume any value from o to c^ 
according to the direction. If we consider any mole- 
cule which moves in any direction the velocity com- 
ponent u will cause the pressure 

u 



2mU'-j, 



u 



where j is equal to the number of wall collisions in 

the unit of time, for this number is proportioned di- 
rectly to the velocity and inversely to the distance, 
which is / the edge of the cube. 

Since the action upon two parallel cube faces is 

2fnu* 

the total action upon all cube faces for any one mole- 
cule is 

— («■ + «/" + w") = -y-. 

There are, however, n molecules; hence the total 
action of all upon the whole cube is 

2mnc^ 
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For the pressure, however, we wish that upon the 
unit of surface of one face, so we must divide this ex- 
pression by the surface of the cube, 6/*; we find then 

^ 2mnc^ __ mnc* 

/*, however, is the volume of the cube, i.e., the 
volume which is occupied by the gas ; therefore 

imnc^ ^ mnc^ 
^ ~~ 6v 3^ ' 

or 



mnc* 



pv = 

m, ;/, and c are, however, all constants for constant 
temperature, so that we find 

pv = const. , 

which is Boyle's law. 

If we consider two gases under the same pressure 
and at the same temperature, the kinetic energy of the 
single molecules must be the same, i.e., 

mc* m'c' ' 



If, further, we assume the volumes to be the same, 
then pv = pv' ; and since 



{yv = i/imnc* = 2/3 



mnc* 



mnc* , m'n'd^ 
2/3 -T" = 2/3 — 
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which when combined with the previous one gives 



« = «', 



i.e., Avogadro's law. 

These equations which we have derived hold for 
vessels of any shape, for all vessels can be considered 
as being made up of a number of cubes. It is neces- 
sary that the molecules be perfectly elastic ; this, how- 
ever, must be so, for it is impossible that they can be 
anything else. An incompletely elastic body loses 
energy by a collision and this energy appears as heat. 
Heat, however, in a body is caused by the motion of 
the molecules. The kinetic energy of one molecule 
cannot be transformed into anything else, for Clausius 
has proven that the atoms have no motion which is 
not proportional to that of the molecule. Conse- 
quently, since it is impossible for energy to be trans- 
formed in the case of a single molecule, that molecule 
must be perfectly elastic. 

II. Variation from the gas laws. The theory of 
Van der Waals. — The gas laws are simply limiting 
laws, and while they hold in general for pressures 
up to two atmospheres, above this value differences 
are observed. In the case of hydrogen the product 
ifv is always higher than it should be. This was 
ascribed by Natterer to the fact that the molecules 
themselves occupy some of the volume. If this cor- 
rection for the volume is b, then, instead of (9), we 
have 
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where ^ is a constant for each gas. 
From the formula 



i=-^ + V. 



Natterer calculated the value of b and found it to be 
equal to 0.00082, at which point it remained constant, 
for pressures varying from 1000 to 2800 meters of 
mercury. 

At high pressures the behavior of other gases is the 
same a$ hydrogen ; at lower pressures, however, the 
variation is different. As the pressure decreases they 
vary less and less, until finally a minimum of variation 
is reached, at which point Boyle's law holds. If the 
pressure is still decreased, the variation again takes 
place as it does for high pressures, i.e., the product 
/F becomes too large. This shows that there is some 
factor in the behavior of these gases which is absent 
or negligibly small in the case of hydrogen. Van der 
Waals ascribed this to the mutual attraction of the 
molecules, which acts in the same direction as the 
pressure, making that larger than it seems to be. 
Imagine a thin layer of a gas. In this a molecule will 
be attracted by the others with a force proportional 
directly to their number, and inversely to the square 
of the distance between them and the single molecule. 
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The square of the distance between them, however, is 
directly proportional to the square of the volume, 
so that the force of attraction is inversely proportional 
to this. If/ is the pressure and a the specific attrac- 
tion , then 

(12) {^ + ^(V-b)=RT, 

which is the equation of Van der Waals. Here a is 
the molecular attraction when I mol occupies the 
volume of i cc, and b is the volume occupied by the 
molecules themselves. / and a are expressed most 
conveniently in terms based on/, = i, where this is 
the original pressure in atmospheres when the gas is 
confined in the volume F,. V and b are then ex- 
pressed in terms of V^. 

By this law we can understand just how gases vary 

from Boyle's law. For small pressure and large 

a 
volume the term -y, and b disappear in contrast to / 

and F, and the gas follows the simple law. The ef- 
fect of the value of a and b upon the product /F is 
shown by (12) in the form 

pV=RT- ^+^ + 6/,, 
or, for constant temperature, 



a ab 
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ab 
When V is large and / is small -771 and bp disappear as 

compared with 77 ; when =7 = f ^ + ^/ ) we have 

the minimum of the variation ol pV and Boyle's law 
holds. 

These constants have been determined for the dif- 
ferent gases from the curves for pVy and a few of the 
values found are given below : 



a 
CO, = 0.CX5874 

SO, = 0.039 

Air = 0.037 

H = 0.0000 

And for ^ (= 4 X molecularvolume) : 

Air = 0.0026 

CO, = 0.0023 

H = 0.0067 

The extent of the variation in the value of /F at 
constant temperature is shown in Figure i. If/Fis 
constant, the curve would be a straight line parallel to 
the /-axis {pV being the axis of ordinates). The 
higher the temperature the more the gas behaves like 
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hydrogen. The effect of the term -77-, is shown by the 

difference between the curve for N and for H. 

This difference can perhaps be shown in a more 
striking way by a comparison of the numerical values 
of pV. The following table is for N at 22", the 
values having been found by Amagat. p is given in 
atmospheres. 



I- 


I.OCXX* 


109.17 


0.9940 


37.19 


0.9894 


H6.90 


I. 001 5 


6a.o3 


0.9858 


asl.13 


1.0815 


80.S8 


0*9875 


430.77 


1.8966 




Fig. I. — Nitrogen. 



We see by this that up to about 12 atmospheres/K 
decreases in value, then follows Boyle's law, and then 
varies just like hydrogen. When a and b have been 
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once determined for any pressure they may be used 
for all pressures. We have thus for ethylene by 
Van der Waal's equation at 20*^, where / is in atmos- 
pheres, /F is multiplied by icxx), ^ = 0.00786, and 
b = 0.0024 : 





Obs. 


Calc. 


31.58 


914 


895 


84.16 


399 


392 


110.47 


454 


456 


282.21 


941 


940 


398.71 


1248 


1254 



12. Specific heat. The first principle of thermo- 
dynamics. — When heat energy is applied to a body 
the temperature rises. The ratio of the amount of 
heat supplied to the consequent rise in temperature 

dQ 
is called the capacity of the body for heat^ i.e., -^ , 

The value of this term depends naturally upon the 
original temperature of the body, its pressure, 
etc. 

The specific heat of any substance is the capacity for 
heat of the unit of mass, i.e. , 



m ' dt' 



It has been observed that the specific heat of a gas 
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depends upon the conditions under which it is deter- 
mined. If the gas is allowed to expand under its 
previous pressure the specific heat, Cp^ is different 
from that obtained when the pressure varies and the 
volume remains constant, c^. Before considering the 
reasons for this, and finding the relation between the 
two values, it will be necessary for us to inquire into 
the nature of heat energy and its possible transforma- 
tions. 

Mayer in 1841 was the first to develop the subject 
of the theory of heat and its transformations (or 
Thermodynamics) as we know it to-day. Before that 
date heat was considered as an actual substance, which 
could be made to enter or leave a body. Mayer 
first recognized it as an energy, which could be 
obtained from any other energy or turned into the 
latter; his principal work was to determine the equiva- 
lent of heat energy, i.e., a factor by which heat energy 
can be given in units of mechanical energy. He was 
led to this conclusion by the point already mentioned, 
that the specific heat of a gas for constant pressure is 
always larger than the specific heat of the same for 
constant volume. His reasoning was as follows: Since 
the specific heat at constant pressure is always greater 
than that for constant volume, there must be some 
condition in the former state which absorbs this extra 
heat. In the case of constant pressure the volume 
increases, and work must be done to overcome the 
atmospheric pressure, which would keep the volume 
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constant. It is a logical consequence, then, to con- 
sider that this extra heat is simply the amount neces- 
sary to do the mechanical work of expansion. In 
other words, a certain number of calories are found to 
be equal to a definite number of mechanical units; 
this value for one calorie is the mechanical equivalent 
of heat. This term may be calculated as follows: 
The difference between the heats necessary to raise 
the temperature of i gram of air i° C. under the two 
conditions is by experiment 

^^ — ^, = 0.0692 cal. 

This 0.0692 cal. is the heat which is equivalent 
to the work necessary to expand i gram of air 1/273 
of its volume at 0°. Imagine i gram of air at 0° 
enclosed in a tube with a cross-section of I square 
centimeter. It will occupy the space of 773.3 cms., 
if the pressure is 76 cms. of Hg, for I gram of air 
occupies under these conditions 773.3 cc, which is 
the specific volume of air. An increase of temperature 
of 1° C. will expand this volume 1/273, i*^-* 2.83 
cms. The weight of the atmosphere, 1033 grams, will 
then be raised through this distance. The work 
necessary to do this is 

1033 X 2.83 = 2923.4 gr.-cms., 

which is equivalent to 0.0692 calorie. For one calorie 
we have 

2023.4 

^ -^ ^ = 42245 gr.-cms., 
0.0692 ** ^^ ^ 

which is the mechanical equivalent of heat. 
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Joule transformed a known amount of mechanical 
work into heat by friction, and found from the heat 
developed that 

I cal. =42355 gr.-cms.* 

From Mayer's work the great consequence is what 

is known as the first principle of thermodynamics. 

The energy of the world is constant^ i.e., when energy 

' seems to disappear it is simply transformed into 

another form. If, for example, a gaseous body is 

heated its internal energy is increased ; if the volume 

increases, however, a certain amount of this heat 

is used to overcome the atmospheric pressure, and 

the increase of the internal energy is less than would 

otherwise be the case. If U is the internal energy 

and the amount of heat dQ is supplied to the body, 

then 

dQ ^ dU '\- dW, 

where dW is the amount of work done by the body 
by virtue of the heat absorbed, and dU is the corre- 
sponding increase in the internal energy. If we con- 
sider the work as overcoming a resistance it is more 
readily handled. Suppose the gas to increase its 



* A liter-atmosphere is the work necessary to force the weight 
of the atmosphere through a liter of space. We have then 

' ^- ^- = i^aS^ = ^^-^5 cals.. 

42600 being the mechanical equivalent now used, the average of 
a number of late determinations. 

/*, the molecular gas constant, which is equal to 84800 gr.-cms., 
pr 0.0821 L. A., = 2 cals. 
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volume, the pressure remaining constant; then for i 
mol 

dW^pdV, 

where / is the intensity factor and Fthe capacity 
factor of volume energy. Substituting this value of 
dW\\\ the former equation, we have 

(13) dQ^dU^pdV, 

where dU and pdV ^x^ expressed in heat-units. If 
these two are given in mechanical units, then (13) 
becomes 

^^ dU+pdV 

(13^) ^G = — -5^' 

where A is the mechanical equivalent of heat, i.e., the 
value of I calorie. We shall use the form (13), how- 
ever, always remembering that dU and pdV are ex- 
pressed in thermal units. The internal energy C/ of a 
gas may be considered as a function of pressure and 
volume, of pressure and temperature, or of volume 
and temperature. Of these we shall only consider 
the case where temperature and volume are variable. 
We have then 

dU =^ ^dT + :^dV. 

The term ■;r-y^dV, however, is equal to zero, for the 
internal energy of a gas, according to Gay-Lussac's 
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experiments, remains the same after a change in 
volume provided no external work is done. Equa- 
tion (13) becomes then 

dU 
dQ^-^dT+pdV. 

If Vis constant, i.e., dV= o, then 

dQ = ^^r. 

dU 
This term, -7^ , the increase in the internal energy 

caused by an increase of temperature, is, however, the 
molecular specific heat for constant volume ; hence 

dU 
dQ = -pj.dT'=^ C^T{ior constant volume). 

If the pressure remains constant and the volume 
varies, i.e., if rff^ does not equal zero, then /^/F does 
not disappear, and we have 

(14) dQ ^ Cr4T '\' pdV, 
or 

dQ 
This term, -r^,, under these conditions is the specific 

heat at constant pressure, i.e., 

/ rN r '^Q r ./'^^ 

(15) ^f-df~^''^~df' 



42 ELEMENTS OF PHYSICAL CHEMISTRY. 

By differentiating (9) with respect to V and T we have 

pdV = RdT, 
or 

Substituting this in (15), we find 

(16) Cp = C, + R, 

when Cp and Cy refer to the specific heats for one mol 
of gas, and R is the molecular gas constant. 

If in the system no heat is absorbed or given up by 
conduction or radiation, i.e., dQ = o, we have an 
adiabatic process. From (9), by complete differentia- 
tion, we have 

pdV-^ Vdp = RdT. 

If in (14) we eliminate dT^ by this equation, remem- 
bering that 

we obtain 

(17) dQ^^Vdp^^i^dV. 

Since in an adiabatic process dQ = o, then 

O = §' Vdp + ^-^pdV. 
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If, then, we represent the ratio of the specific heats 

-^ hy k (for air = 1. 41), we have 

Vdp -\' kpdV ^ O, 
or 

JV dp _ 

And by integrating between the limits /, V, and 
Pi 9 ^i > we have 

i.e., 

(18) ^= y^ v: 

or, in another form, 

A 

From (19) we see that for an adiabatic process the 
volume changes less for a change in pressure, or the 
pressure changes more for a change in volume, than 
is the case when the temperature remains constant 
(i.e., an isothermal process). In practice all changes 
are adiabatic unless they take place infinitely slowly, 
and we have 

If the process is very slow and the temperature re- 
mains constant, then we have (Boyle's law) 

A : / : : F : F,. 



(■^> i = m-' 



* Where 



(p^)=C4 
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Boyle's law holds also of course for an adiabatic 
change after the temperature produced by the change 
of volume has been reduced to the original one. 

In equation (19) we know that 



and 



hence 



But, by (19), 



pV _ T 

ak" t: 



vr\pi • 

Whence, by substitution, 

<-) I = # • 

V s, p 

By substituting the value of ^ instead of that of •^, we 
obtain 

(21) Yr\v) • 

If the change in temperature caused by an adia- 
batic compression is worked out in another form, per- 
haps (20) and (21) will be clearer. For an isothermal 
compression we have 
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and 

p!V!^pV=.RT,. 

For an adiabatic compression we have 

and 
or 

// VI ^ // v: 

T, "" 7; • 

The only difference between pi and // and Vl and 
r^' is caused by the difference in temperature, so 

that -^ = \ j^, . Thus if one volume of air is de- 

creased adiabatically to 1/2 what it was, starting 
from T= 293, i.e., 20° C, the temperature produced, 
T^y is found as follows: // = 2 (i.e., is doubled), 
p^' = 2* = 2^'*^ = 2.639 '» hence 

2 X 1/2 X 7; = 2.639 X 1/2 X 293, 

7; = 386^.6, /= ii3°.3C. 

By allowing a compressed gas to expand adiabati- 
cally the temperature of the gas is greatly reduced ; 
this reduction can be calculated by aid of (20) (see 
Table I). 
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Table I. 






TEMPERATURES CAUSED BY ADIABATIC EXPANSION OF AIR. k = 


1.4. 


f (atmospheres). 


/(initial from T), 


/'(final from 7^|). 




lOO 


7i'.5 


— 20I*.5 




200 


58'. 5 


-2i3'.5 




300 


52*. 


— 221*. 




400 


47%9 


— 225'. 




500 


44'. 8 


— 228*. 2 





The temperatures are those of the air as it expands. 
Owing to the specific heat of the vessels used, it is 
impossible to reach these temperatures in anything in 
contact with the gas, although very low temperatures 
may be thus obtained. 

Equation (16), i.e., 

C^ — C^ = Ri 

shows that for all gases the difference between the 
molecular specific heats is i? = 2 cals. Why there 
should be a constant difference is self-evident, for the 
volume of a gram molecule of any gas under like con- 
ditions is a constant factor, and consequently by the 
law of Charles the amount of heat required for a cer- 
tain expansion is the same for all gases. For air we 
have Cp = 6.873 ^^d C^ = 4.870. 

Equation (16) is used also to obtain an idea of the 
number of atoms which make up one molecule of 
gas. If the heat absorbed by the gas is used only 
upon the molecules to increase their motion and not 
by the atoms within the molecule, the true value of 
the specific heat for constant volume is the kinetic 
energy of the molecules, i.e., 1/2 w;/^'. By the Id- 
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netic theory of gases, however, this is equal tb 3/2/z/. 
If n represents the number of molecules in a gram 
molecule, then s/2/>v becomes 3/2/ F; this, however, 
is equal to ^/2RT. By this the heat necessary to 
rafse the temperature one degree is 3/2R. For con- 
stant pressure we have then, by (16), 3/2^? -\- R = Cp. 

For . we have S^ = 5Z?| ^ ,667. the value of Mor 

a monatomic gas. This agrees very well with the 
experimental value found for Hg. If the molecule 
has more than one atom, then heat will be absorbed 
by these atoms ; and assuming this amount per gram- 

molecule is m. we have , „ , = k. by which the 

value of k is reduced. This does not hold well 
enough to give the exact number of atoms in the 
molecule, for the value k seems to depend upon the 
nature as well as upon the number of the atoms. 
We can, however, tell by it whether a gas is mon- 
atomic or not. 

13. Determination of the specific heat of gases. 
— The specific heat for constant volume c^ cannot be 
determined directly with accuracy, since the vessel 
containing the gas absorbs so much more heat than 
the gas itself. Even under the most favorable condi- 
tions the ratio of the absorption of heat by the gas to 
that by the vessel is I : 55. 

From the specific heat for constant pressure and the 

ratio k = -y c^ can, however, be found indirectly. 
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The specific heat at constant pressure is determined 
by passing a certain volume of the gas, heated under 
constant pressure, to a certain temperature, through 
the worm of a calorimeter and observing the con- 
sequent increase in the temperature of the water. 
We know then the number of calories which causes 
a certain temperature to exist in the known volume 
of the gas ; and from this data it is easy to calcu- 
late the specific heat, Cp, The value of the molecular 
specific heat for constant pressure for all gases seems 
to converge toward the value 6.5 at the absolute 
zero. We have in general the relation 

= 6-5 +^7^, 

where ^ is a constant for each gas and is the larger the 
more complex the molecule. For a we find the fol- 
lowing values: for H,, N,, O, and CO, a = 0.001, 
NH,=0.007i, CO, = 0.0084, CeH, = 0.0510, ether = 
0.0403. This formula may be used in the following 
way to find the value Cp, For C.H, , a = 0.0510; 
hence at 50®, since CpM = Cpy we have 



6.5 + 0.05 10 X 323 
78 



0» = Zo = o.3> 



while Wiedemann found 0.299 experimentally. 

The ratio ^ = — can be found easily by the method 

of Clement and Desormes. 

A glass balloon, holding about 20 liters, is provided 
with a brass stop-cock and a manometer. From this 
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vessel the air is partially rarefied and the pressure 
observed by aid of the manometer. Let this initial 
pressure be/^ ^ind the atmospheric pressure be P. If 
the cock is now opened for half a second air will rush 
in until the external and internal pressures are the 
same. As the air goes in, however, heat will be 

developed, which, as it is not removed, will increase 
the temperature of the gas. By the process we have 

increased the pressure from /, to P. If the initial 

specific volume is v^ and the final one is z/, then k can 

be determined from the equation 



P_ ^ [vX 



The final specific volume is not known yet, however. 
To find this we wait until the flask and air have been 
reduced to the temperature of the surrounding air. 
If the pressure is/ at the temperature /, then 

or 

A W 
and 

^_ log P- log A 
log / — log // 

In one experiment with air P = i .0036, /, = 
0.9953, and/= 1.0088 atmospheres; hence 

>6= 1.3524. 
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14. The second principle of thermodynamics. — By 
the first principle we have found that a certain amount 
of heat is equivalent to a certain amount of work. 
If we consider, however, the possible means of trans- 
forming heat into work we find that a certain condition 
must be fulfilled, i.e., the heat must go from a warmer 
to a colder body. In other words, heat can only pro- 
duce work by going from a higher to a lower tempera- 
ture. This condition has been expressed in other 
words. For example, heat of itself can never go from 
a colder to a warmer body without work being used upon 
it, A perpetual motion of the second kind is impossible. 

A device to produce a perpetual motion of the 
second kind would be a machine which would run, for 
example, from the heat of the sea. It is related to 
the second just as an ordinary perpetual motion is 
related to the first principle. 

Since heat can only be transformed into work by a 
transference of heat from a higher to a lower tempera 
ture, it is important to know the relation which exists 
between the amount of heat transferred as heat and 
that transformed into work. 

For this investigation it is necessary that all the 
work done be external work, which can be readily 
observed, and then compared with the known amount 
of heat. We employ for this purpose a process which 
was originated in 1824 by Sadi Carnot and which is 
known as the cycle. The arrangement is such that 
the final state is identical with the initial one, i.e., 
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before and after the operation the body contains 
exactly the same amount of energy. Then the rela- 
tion between the heat transferred and the work done 
!s very readily obtained. Naturally no heat must be 
lost by radiation or conduction, or the final result will 
be incorrect; for this reason the process is an ideal 
one and cannot be realized practically. Since there is 
no loss of heat by radiation or conduction, the process 
may go in either direction, i.e., it is reversible. This 
condition of reversibility is never obtained in practice, 
so that the relation which we find is the limit under 
the most favorable conditions. 

15. The cycle. Entropy. — ^We assume the process 
to take place in four steps: 

I. Assume an ideal gas enclosed in a cylinder with a 
movable piston at a certain temperature and pressure. 
The cylinder is now placed in a heating-bath at the 
temperature 7^, and the volume is allowed to increase 
under a constant pressure which is just greater than 
that of the atmosphere. By this expansion the gas 
will cool. Here, however, we assume heat to be 
absorbed by it to such an extent that the temperature 
remains constant. If the heat absorbed by the gas is C?j, 
its initial volume z\, and its final one z/„ and the con- 
stant pressure and temperature respectively/ and 7",, 

then the work done by the gas will be equal to / pdv. 

Since the temperature remains constant, equation (14) 

becomes 

dQ, =z o -\- pdv \ 
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or, since/ = — , 

V 

or 

(22) Q^ = rTp.. 

2. The gas is next allowed to expand until the 
temperature falls to 7",. For this, the new volume 
being z/„ we have the relation 



(''> ir^) 



3* Next the pressure is increased until the volume 
decreases to v^y heat being removed to the amount 
(2a» so that the temperature remains constant at 7^,. 

The work done here by the gas is — / ^pdv ; we have 

then 

(24) 0. = rTf-i.. 

4. Finally, the gas is compressed adiabatically until 
the original volume z;, and the original temperature 7", 
are reached. This can be arranged by choosing v^ of 
the proper size. We have for this the relation 



(^'' 4!=(^) 



We have thus carried the gas through a series of 
changes, and have finally the same state as that from 



THE GASEOUS STATE. S3 

which we started. The amount of heat Q^ is absorbed 
at the higher temperature 7",, and a smaller aniount Q^ 
is given up at the lower temperature Z,, and a certain 
amount has been transformed into work. The amount 
of heat which is equivalent to the work done is equal 
to = (2i — <2a« The heat Q^ has simply been trans- 
ferred from the temperature T^ to 7^,. 

The relation between Q^ and Q^ is given by equa- 
tions (22) and (24) 



'v. 



By (23) and (25), however, 

^"~~ 1^3 J I.e., Ir ^ZZ t ~~"~ y 

«», V, V, I/, 

hence 

i.e., ///^ amounts of heat absorbed and liberated are pro^ 
portional to the absolute temperatures. 

The amount of heat transformed into work is (2 ^=^ 
Q^ — G,. We have then 

e. - (2. _ r. - r. 
(2. ~ 7; 

and 

e. - g _ r. - r. 

G. ~ 7-. • 

77/^ heat transformed into work by any reversible process 
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is to that transferred from the higher to the lower tem- 
perature as the difference in temperature is to the lower 
absolute temperature. Or from the other standpoint, 
The work in calories necessary to transfer a certain 
amount of heat from one temperature to a higher one by 
a reversible process is to the amount of heat as the tem- 
perature interval is to the final high absolute temperature. 
For r, = o*", 0, will equal o and G, — <2a = <3i» i-c, 
at the absolute zero all heat is transformed into work, 

T — T 
For all higher temperatures ' ^ — ^ is smaller than i. 

If the diflference in temperature 7", — T^ is very 
small we can substitute for it dTy and as the differ- 
ence between the amounts of heat will then also be 
small, we may substitute dQ for j2i — Q%\ we find 
then 

dQ_dT 

If now we consider the heat liberated as negative 
and that absorbed as positive, i.e., Q^ negative and 
Q, positive, then 

•^ 1 ^ \ 



or 



or 



r.+ r.+ r.^ °' 



4 = 0, 
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where there are as many terms as there are tempera- 
tures. Q is the amount of heat absorbed or emitted. 
If the temperatures are close enough together, then the 
sign of summation may be replaced by that of integra- 
tion, and we have 



/' 



^ = o- 
T 



This is the analytical expression of the second princi- 
ple for reversible processes. In words it means that for 
any REVERblBLE process the transformation of heat into 
work takes place in such a way that the sum of the 
amounts of heat absorbed and liberated, each divided by 
its corresponding temperature , is equal to zero. 

If T remains constant dQ = o, i.e., just as much 
heat is liberated as is absorbed, and no heat is trans- 
formed into work. 

The term / — , found as above, was called by 



CdQ 



Clausius the entropy. If this term is represented by 
5, then 

ds = f .' 
T 

When dQ = o, ds = o, i.e., when a substance by a 
reversible change neither gives up nor absorbs heat 
its entropy remains constant. The two terms vary 
together and have the same signs. For this reason 
adiabatic changes are also called isentropic. T always 
decreases in any change, for heat can only go from a 

warmer to a colder body, -^t = s therefore increases 
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during any change, i.e., the entropy tends toward a 

maximum. 

i6. The factors of heat energy. — We have already 

found that the temperature is the intensity factor of 

heat energy. The capacity factor may be of two 

dE dE 

forms, ^ = — p ox dc •=. -r- , where dc and c are not 

at I 

proportional. The entropy is the ratio of the heat 

absorbed or liberated at constant temperature to the 

absolute temperature of the process. In all cases 

where heat becomes latent, then, the capacity factor 



must 



be the entropy ^ = I -^Ic = I -r-h lor the 

temperature then remains constant, the intensity 
factor being the temperature, as before. For this 
reason latent heat is often called entropic heat. We 
have in general, then, for all chemical processes 

T 
dQ = Tds. 



CHAPTER III. 
THE LIQUID STATE. 

17. Distinction between liquids and gases. — 

Liquids are distinguished from gases by the fact that 
they possess a volume of their own, which, although 
dependent upon pressure and temperature, is not, as 
in gases, exclusively determined by them. The 
attraction between the molecules in a liquid must be 
greater than that in gaseous form, since the molecules 
are closer together, and the force of attraction is in- 
versely proportional to the square of the distance. In 
the liquid state this attraction must be greater also 
than the kinetic energy of the molecules, or the 
gaseous form would be assumed. Should this kinetic 
energy of the molecules be increased by heat, then 
the attraction between them will be overcome, and 
the liquid is transformed into a gas, i.e., it boils. 
The external pressure has the same effect as the 
attraction between the molecules, for it prevents the 
liquid from going into the gaseous form. For this 
reason a liquid will boil at a lower temperature if the 
pressure is reduced. 

57 
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i8. Connection between the gaseous and liquid 
states. — If at constant temperature a gas is sub- 
jected to a constantly increasing pressure, its state 
may change in one of two ways according to the con- 
ditions : 

a. This case has already been considered under 
gases. The volume at first changes more rapidly than 
the pressure, next in the same ratio, and finally more 
slowly. When the pressure becomes very high a 
further increase has but a slight effect upon the 
volume. 

b. Here the relation between pressure and volume 
is quite different, although the first step is the same, 
i.e., the volume changes more rapidly than the pres- 

' sure. The ratio here, however, in contrast to a^ in- 
creases continually. When a certain pressure is 
reached a new phenomenon is observed : the gas is no 
longer homogeneous; one part has separated which 
behaves differently from the rest, i.e., the gas is 
partly liquefied. For a constant temperature this 
liquefying .pressure remains constant, while the volume 
decreases steadily, i.e., for one pressure we have a 
whole series of volumes. An increase in the external 
pressure has no lasting effect upon the inten>al pressure 
(which still remains as it was), but it causes the vol- 
ume to decrease more rapidly. Only after the whole 
gas has been liquefied can the pressure be increased. 
Then, however, we shall compress only the liquid, 
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just as in the last stage of a we compressed the 
gas. 

The condition which causes a gas under compres- 
sion to follow rt: or ^ is the temperature. If this is 
above a certain point, which depends upon the nature 
of the gas, process a will be followed ; if below this 
point, process b* This was first recognized by An- 
drews in 1 87 1. If, for example, we compress CO^ 
gas, keeping the temperature under 30*^.92, the vol- 
ume changes more rapidly than the pressure, and at a 
pressure of 35.4 atmospheres the gas condenses to a 
liquid. The higher the temperature, under 30°. 92, 
the higher the pressure must be to cause condensation. 
Thus: 



31**, impossible to liquefy it. 
30°. 92 = 73.6 atmospheres. 
30** = 73.0 

13°. I = 48.9 
o" = 35.4 



n 



n 



n 



i P 

— 21* = 21. 5 atmospheres. 

— 40® = n.o 

- 59^4 = 4.6 

— 7o*.6 = 2.3 " 

— 78* = 1.2 



n 



(< 



<( 



Andrews called the temperature 30^.92 the critical 
temperature. Correspondingly we call the pressure 
which is necessary to liquefy the gas, at the critical 
temperature, the critical pressure {y 3.6 atmos. at 30°.9), 
and the volume which the gas or liquid occupies 
{d^'=d^y under these two conditions, the critical volume. 

The best method of showing the behavior of a gas 
under compression is by plotting a curve in a system 
of coordinates where the pressures are laid out upon 



6o 
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the axis of ordinates, and the volumes upon the axis 
of abscissae. In these two curves the horizontal parts, 
which show constant pressure for varying volume, in- 
dicate that the gas liquefies. The vertical parts refer 




Fig. 2. 

to the liquid state, while all others refer to the gaseous 
state. 

Fig. z shows the behavior of CO, and air, the ordi- 
nates being pressures in atmospheres. At 31°. i CO, 
there is no horizontal part, i.e., no varying volume 
for constant pressure; the gas does not liquefy, since 
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it is above its critical temperature. For all tempera- 
tatures below 31°. i the horizontal part is present, i.e., 
the gas liquefies under a sufficient pressure. Under 
all these pressures air remains a gas and behaves as 
CO, does when above 31" C. 

The critical temperature is an additive property. 
If / is the critical temperature of mixture which con- 
tains «^ by weight of a liquid with the critical tem- 
perature t, and (100 — n)i> of another of the critical 
temperature /, , then 

_ nt,-\- (100 — «)f, 
100 

This equation holds very well in practice, and the 
error should always be within 2'^ of the correct value. 

19. Vapor-pressure and boiling-point. — All liquids 
have a tendency to go into the gaseous form. The 
pressure which strives to accomplish this is smaller 
than the attraction of the molecules in the liquid plus 
the atmospheric pressure which increases it, so that 
under these conditions the gas does not form. If we 
heat the liquid, this tendency to go into the gaseous 
form increases until the attraction and the atmospheric 
pressure are overcome, and the liquid boils and goes 
into the gaseous state. If this temperature for one 
liquid is lower than for another, then by reducing the 
external atmospheric pressure of the latter the same 
temperature may be obtained. 

In general, then, a liquid boils when its tendency 
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to go into the form of gas, i.e., its vapor-pressure, 
under these conditions, becomes equal to or greater 
than the counter-pressure over it. In other words, 
the vapor-pressure is equal to that external pressure 
for any one temperature at which the liquid and its gas 
can exist together in all proportions. Every external 
pressure corresponds to a certain temperature, and 
these two factors increase and decrease together. At 
the critical temperature the significance of vapor-pres- 
sure is naturally lost. For every pressure, however, 
under the critical one there is a certain temperature at 
which gas and liquid may exist together in all propor- 
tions: this temperature is the boiling-point at that 
pressure. Correspondingly for every temperature 
under the critical one there is a certain pressure at 
which gas and liquid may exist in equilibrium in all 
proportions: this is the vapor-pressure at that tem- 
perature. 

Vapor-pressure of a liquid may be determined in 
one of several ways. One method of theoretical in- 
terest which gives good results is by J. Walker. A 
current of dry air is passed through the liquid which 
is held at constant temperature and the loss in weight 
of the liquid observed. The air in passing through 
the liquid will absorb an amount of vapor proportional 
to the vapor-pressure of the liquid. If F is the vol- 
ume of air which in passing through the liquid absorbs 
the weight of i mol, then in that volume we have the 
relation 

pV^ RT {whevQ p is the vapor- pressure). 
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If V IS the volume of air which absorbs x grams of the 
liquid with molecular weight M, then we have 

or X 

The term v here represents the total volume, i.e. that 
of vapor and air, but that of the latter may be taken as 
a rule as the volume of the other is small in comparison. 

If we compare two liquids at the same temperature, 
passing equal volumes of air through them, 

J'~Wj'^ x' 
or 

X M' , 

^ Mv X ^ 

where M and M' are the molecular weights of the 
substances in gaseous form. 

20. The heat of evaporation. — For the transfor- 
mation of a liquid into its gaseous form a considerable 
amount of heat is necessary. There are two causes 
for this absorption of heat. The volume must be in- 
creased against atmospheric pressure, and the attrac- 
tion of the molecules must be overcome in order that 
they may be separated by the same distance as they 
are in the gaseous state. The former is of the least 
value. Its amount may be calculated from/ F = i? 7" 



64 ELEMENTS OF PHYSICAL CtlEMISTRV, 

= 2 7" cals. \* i.e., for every mol of water-vapor formed 
from liquid water 2 X (273 + ICX)) = 746 cals. are used 
for the expansion. Since the heat of evaporation of 
I mol (18 grams) of H,0 to steam at 100° is 9650 cals., 
and the amount necessary for the expansion is but 746 
cals. , it will be observed that this molecular attraction 
is very great. 

The ratio of the molecular heat of evaporation 
(= molecular weight multiplied by the heat of evap- 
oration of I gram) to the absolute boiling-point has 
been found experimentally by Trouton to be a constant 
for a very large number of non-associated substances, 
and equal to approximately 21, i.e., 

Mw 

—jT = 21. 

By aid of this equation unknown heats of evaporation 
may be calculated (with a possible error of 5jg) from 
the molecular weight and the boiling-point. By this 
formula it is also possible to find the molecular weight 
of a liquid, provided we know the latent heat of evap- 
oration. Longuinine found in this way that liquid 
acetic acid molecules are twice the size of the gaseous 
ones, i.e., instead of finding 21, using the molecular 
weight as found from the gaseous state, he obtained 

* Where V represents the volume of the gas, which is so large 
that that of the liquid may be neglected, / K then represents the 
actual work of expansion against the constant atmospheric pres- 
sure/, i.e., is equivalent to p(Vg— K^). 
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about 13. If the molecular weight used is doubled, 
26 instead of 21 is found, showing that undoubtedly 
an association does take place. 

Van Laar explains the nnaximum density of water 
at 4^ as dependent upon association which increases 
with decreasing temperature. The liquid itself with- 
out association would increase in density; the associ- 
ation causes the density to decrease. At 4° these two 
influences just compensate each other, and the liquid 
has its maximum density. Below this point the influ- 
ence of the association is the stronger, and conse- 
quently the volume increases. 

Young and Thomas have also found an empirical 
relation from which molecular weights of liquids may 
be determined. It is 

where M is the molecular weight, Pj^ the critical pres- 
sure, D,^ the critical density, and 7\ the critical tem- 
perature (absolute). We have for CCl^ 

,^ 22 X A X 7; 22 X 0.556 X 556 

J/= 75= ^ = — ^^-^ = 151, 

Pk 44.9 

Theoretical = 1 54, 
and for acetic acid 



_ 22 K 0.407 X 595 T^u ^. 1 ^^ 

M^ -^— ^ =^^^ = 93, Theoretical = 60. 



66 ELEMENTS OF PMYStCAL CHEMISTRY. 

We see then from this that acetic acid is associated 
into double molecules at the critical state. 

21. The relation between vapor-pressure, heat of 
evaporation, and temperature. — An equation show- 
ing the relation between these three quantities can be 
found as follows : Equation (6) gives the relation be- 
tween any two kinds of energy when in equilibrium. 

We have 

SdT = cdi = vdpy 

or, since 5* can only be determined as a difference, 
(5, — S^dT^ (z;, — v^dpy where ^j is larger than 5, 
and refers to the state which absorbs heat when formed 
(gaseous). 

Since 5 varies with the amount of heat, we may 
write 

,Q Q\ w 

For [ y? — yrJ we may substitute -=,, where w is the 

latent heat of vaporization for i gram of liquid. We 
have then 

^ ^ .^P_ and ^^' "" ^'^ -• "^^ 



T(v^ — v^ dT w dp * 

Since the volume of gas is large compared to that 
of the liquid, we may neglect the latter, and, provided 
the gas obeys Boyle's law, find the former from 

R T 

pV=RT, V=^^. 
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We have then, changing w to /, i.e., the nnolecular 
latent heat and z\ to F, which is the volume of i mol 
of the gas, 

Vf "" dT ^^^ 'jr ^~dp' 

It is necessary to remember in using these equations 
that 2 {= R) and /are in calories and/ in mechanical 

units, -^ gives us the change in vapor-pressure for i® 

of temperature, and -y- gives the change in boiling- 
point for unit of external pressure. 

Example: The boiling-point of ethyl iodid at 73.3 
cms. is 72°. 2 C, /= 7597; find change in vapor- 
pressure for I** C. We have 

7597 X 73.3 _ ^ 
^-^^^^^^^ -2.34 cms. Hg. 

The heat of evaporation, however, also varies with 
the temperature. The expression for this variation is 
derived as follows : (i) Allow I mol of liquid to vaporize 
at the boiling temperature T, and then heat this vol- 
ume, holding it constant, to the temperature T-^t. 
The gas in expanding has done the work/F= RT and 
has absorbed the heat Cj in going to the higher tem- 
perature, while the latent heat of evaporation is Ij^, 
(2) We reach the same final state by first heating the 
liquid to 7"+^> by which the heat Mc is absorbed, 
and then allow the gas to form at T-\- t. The work of 
expansion here is />V :=^ JR{T -{-/) , and the latent heat 
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l-jj^f By these two processes we have reached the 
same final state from the same initial one, so by 
the principle of the conservation of energy the loss in 
energy is the same in both cases. We have then 

RT^ {lr+ CJ) = RT+ Rt - {Ir^.+Mct), 
or 

and, by (i6), 

C,-Mc=^-^^ =_,, or c,^c=-^, 

i.e., the latent heat of evaporation increases for each 

degree by an amount equal to the specific heat of the 

gaseous state at constant pressure, minus the specific 

heat of the liquid. Since the specific heat of the gas 

is always less than that of the liquid, the increase is 

negative, i.e., the heat of evaporation always decreases 

with increasing temperature, c for benzene at 50** is 

dw 
0.45, c^ for 50° (see p. 48) = 0.3, hence ^7^ = 

0.3 — 0.45 = o. 1 5, for which o, 1 58 has been found by 
experiment, the difference being within the experi- 
mental error. 

The substance must have the same molecular 
weight in both the gaseous and liquid state if correct 
results are to be obtained by this formula. If asso- 
ciated in liquid form, the result here will be too small, 
owing to the fact that Mc = C will be smaller than 
the proper C. It has been found experimentally and 
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can be proved theoretically that the specific heat in 

the liquid state and that in the gaseous state bear a 

constant ratio to each other, so that unless the molec- 

dl 
ular weight is different in the two states, -p^ is the 

same for all temperatures. For ethyl alcohol there 
seems to be an association at 10*^; we have /= 220.9 
at o**, 2 1 1.2 at 10**, and 220.6 at 20°. 

22. Refraction of light. — La Place, in determining 
the velocity of light in different media, found the 
relation 

— -7 — = constant for all temperatures 

when n is the refraction of light and d is the density 
of the medium. For many liquids this holds true, 
approximately, but Gladstone and Dale found empiri- 
cally a relation which holds more exactly and for 
many more liquids than the former. This is 

— -7 — = constant for any one liquid. 

Further, in the case of a mixture the constant is 
found to be equal to the sum of those for the ingredi- 
ents. We have then 

where/ is equal to 100, and p^ and /, represent the 
percentage by weight of the two ingredients. By aid 
of this it is possible to make an optical analysis. 
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Example. — An unknown mixture of amyl and ethyl 
alcohols gives n ~ 1.3822, d — 0.8065. What is the 
percentage composition of each in the mixture ? 

For amyl alcohol k, = 1.4057, <f, =0.8135; *or 
ethyl alcohol «, = 1.3606, d, = 0.81 1 ; hence 

100 X 0.4738 =A X 0.4987 +A X 0.4501; 
and since/, +/, = 100, we find/, = 48.8,/, = 51.2. 
By direct weighing it was found that/, is 48.9 and/, 
issi.r. 

This formula holds also approximately for solutions, 
i.e., for finding the coefficient of refraction in the solid 
state from that of the solution and the solvent. 

23. Surface-tension. — TAe surface-tension x of a 
liquid is tke force in grams, dynes {or milligrams) 




Fig. 3. 
■wkich is necessary to form a surface one centimeter 
{millimeter) in length. Some liquids wet the walls 
of a glass tube, while others do not, and upon 
this depends the shape of the surface formed. 
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Imagine a plate of glass suspended vertically in a vessel 
of water, i.e., a liquid which wets the glass. The 
glass will then be wet as high as a (Fig. 3) and the 
surface abc will decrease in size by assuming the shape 
ape. In doing this a certain v/eight of liquid will be 
raised. When the weight P oi this portion raised is 
equal to the surface-tension for that length of surface 
equilibrium will be established, i.e., 

Ix - P 
or 

P 

If now instead of using a plate we use a capillary 
tube, with a radius equal to r, /will become 27tr and 
the weight of liquid raised in the tube will be 

P = 2nrx. 

On the other hand we have 

P = Ttr^hSj 

where h is the height of the liquid in the tube (meas- 
ured downward in case the liquid does not wet the 
walls), and s is the specific gravity of the liquid, We 

have then 

27trx = nr^hSf 
or 

X = \/2hr%, 
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i.e., the surface tension of a liquid can be obtained from 
its specific gravity and the height of a capillary column 
with the radius r. 

Although this method is difficult to carry out, it has 
given accurate results, and illustrates the principle of 
surface-tension better than the others. 

At the critical temperature the surface-tension 
becomes zero. From this fact it is possible to calcu- 
late from the surface-tension of a liquid its critical 
temperature. 

Empirically the surface-tension has been found to 
vary with the temperature as follows: 

^ = ^.' - fit, 

where x and x^ are the surface-tensions at / and o°, 
and /? is the temperature coefficient of the surface- 
tension, i.e., its change for a change of i°. 

Let X be the surface-tension at the critical tempera- 
ture (i.e., ;ir = o) and x^ that at any observed tem- 
perature. If we know fi and x^ by experiment it will 
be possible to find /, which will then be the difference 
in degrees between the critical temperature and that 
of observation. If x^ referred to the surface-tension 
at o° C, then / would give directly the critical tem- 
perature in centigrade degrees. For example, for PCl^ 
we have 

x: (at 75^4) = 3.017, (i = 0.0137; 
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hence 

o = 3.017 — 0.0137/: 

3.017 

t = — = 220. 

0.0137 

The critical temperature is then 

^. = ^+75.4 = 295^4. 

A few results as obtained in this way are compared 

in Table II with the critical temperatures determined 

directly. 

Table II. 

Substance. /^ obt. t^ calc. 

Methyl acetate 238 240 

Ethyl acetate 275 257 

Methyl propionate 281 263 

Ethyl propionate 296 281 

Propyl propionate 320 305 

Isobutyl propionate 324 319 

Phosphorus trichloride 286 295 

This agreement is astounding when we consider the 
difficulty in determining the surface-tension and its 
temperature coefficient, as well as the empirical nature 
of the original equation. 

24. Surface-tension and molecular weight. — 
By aid of the surface-tension it has also been found 
possible to determine molecular weights and the factor 
of association. Eotvos found experimentally that 
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where x is the surface tension in dynes, and V the 
molecular volume. Ramsay and Shields expressed 
this relation in the form 

xV\^k(r-d\ 

where t is the temperature reckoned downwards from 
the critical one, rf is a constant equal to 6, and >& is a 
constant independent of the nature of the liquid. ^ 
here, however, must always be greater than 35 for 
good results. 

Ostwald explains the relation as follows : If the mol 
is in spherical form, the surface will be proportional 
to the volume raised to the power f , since 

F : Fi : : r' : r,*, and s \ s^ \\ r^ \ r,\ 

We see, then, that the above law simply expresses 
the fact that the work necessary to form the molecular 
surface depends only on the temperature, as calculated 
downwards from the critical one, at which the surface 
tension and the work are both equal to zero. The law, 
in fact, is exactly analogous to the gas law/F= RT, 
for at the point from which T is reckoned the volume 
is equal to zero, and the volume and work above that 
temperature depend only on the temperature and are 
independent of the nature of the gas. 

For all normally acting liquids Ramsay and Shields 
found k = 2.12. These liquids included C.He, CeH^Cl, 

CCI4, C,HeO, CS, and PCI,, and many others. For 
some liquids k was found to be very much smaller 
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than 2.12, which indicates that the V in the formula 
is too small, i.e., that the molecular weight, and con- 
sequently volume, has been increased by association. 
Thus for H3O A = 0.9 — 1.2; for organic acids 
>^ = o.8 — 1.6; for alcohols ^=1.0—1.6, etc. If 
K is the value of k as found by experiment, then the 

2. 12 
factor of association may be found from — r^- = j«. 

An example of the use of these two equations will 
perhaps make them clearer. The radius of a capil- 
lary tube is 0.01843, at 46°, h (the height of CCl^ in 
the tube) = 1.643 cm., s (the density) = 1.5420, hence 
X = i hrs. X 980.1 = 22.9 dynes per centimeter. 
Since the critical temperature = 283** and k = 2.12, 
x{Mv)^ = 492.6 and M =: 154. 

For water at 10° Ar= 0.87, hence y = 3.81 (from 

2.12 

— oz = J^)y consequently the association is such that 

the average molecular weight of liquid water is 
3.81 X 18. This could be caused by a mixture of 
associated and simple molecules. 



CHAPTER IV. 
THE SOLID STATE. 

25. Remarks. — A solid is a substance which pos- 
sesses a form of its own, i.e., its shape is not depend- 
ent upon that of the vessel in which it is. 

In Physical Chemistry the properties of solids are of 
less importance than those of the other two states of 
aggregation, so that here we shall not consider them 
to any great extent. 

26. Atomic heat. Law of Dulongf and Petit— 
The atoms of all elements have the same capacity for 
heat. A few have been found to give different values, 
but in general for all elements we find that 

atomic heat = atomic weight X specific heat = 6.34. 

This is the law of Dulong and Petit, By the aid of 
it it is possible to determine the atomic weight from 
the experimentally determined specific heat for one 
gram. We have 

6.34 



atomic weight = 



specific heat of i gram' 



27. Changes in the state of aggregation. — ^The 

most important process concerning solids, for our pur- 

76 
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pose, is their formation from the liquid state, or the 
formation of the liquid state from them. 

If a liquid is cooled very carefully it is possible to 
reduce its temperature below the solidifying-point 
and yet have no solid formed. If the vessel is jarred, 
or a crystal of the substance thrown in, crystallization 
takes place immediately, and the temperature rises 
rapidly to the true solidifying-point. Besides this 
change in temperature we have also one in volume, 
since the specific volume in the one state differs from 
that in the other. 

When a gas condenses and goes into the liquid state 
heat is given off. In the same way heat is also given 
off when a solid is formed from a liquid, and this is 
the cause of the rise in the temperature spoken of 
above. The heat which is liberated by a liquid solidi- 
fying (or absorbed by a solid liquefying) is called, for 
one gram of substance, the latent heat of solidification 
{of fusion). This heat, referring to one mol of sub- 
stance (heat for i gram X mol weight), is called the 
molecular heat of solidification {fusion^. The effect 
of pressure upon the solidifying-point may be derived 

by the consideration of equation (6), just as we did 
for liquids, p. 66. 

We have then, when w is the latent heat of fusion 
for I gram, 

(26) VL = ± 
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or 

^^' ~dp- w • 

Since v^ refers to the state which, when formed, 
absorbs heat, it will represent the volume of liquid in 
any change from the liquid to the solid state. If the 
specific volume of the solid is greater than that of the 
liquid, i.e., if the solid floats upon the liquid (ice in 
water), the freezing-point will be depressed by pres- 
sure. If, on the other hand, the specific volume of 
the solid is less than that of the liquid, i.e., if the 
solid sinks, the solidifying-point will be raised by in- 
creased pressure. In the former case the pressure 
will tend to keep the substance in the liquid form, 
since that' has the smaller volume, and a lower tem- 
perature will be necessary to produce the solid. In 
the latter case the formation of the solid will be aided 
by the pressure, and consequently the temperature 
need not be lowered to such an extent. 

The actual effect of pressure upon the solidifying- 
point is, however, not large. Thus an increase of 
pressure up to 8. 1 atmospheres depresses the freezing- 
point of water but 0.059° C. 

Equations (26) and (27) give us also the heat of 
sublimation, i.e., the direct transition from the solid 
to the liquid state, if the volumes represent those of 
solid and gas, or the volume of gas may be used alone 
by substituting for v the value found from/F= RT^ 
changing w to /, i.e., the molecular heat. 
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n 



Since at the solidifying- or freezing-point the solid 
and liquid exist in contact in all proportions, the 
vapor- pressure of the solid must be equal to that of 
the liquid, both at the same temperature. That this 
must be so follows from the following process; 
Imagine in the annular-shaped vessel Fig. 4 water 



bO 



at b, ice at a, and the vapor of the two at c: all 
being at the temperature of 0° C. If the vapor-pres- 
sure over the water at b is greater than that over the 
ice at a, a distillation from b \.o a must take place. 
By the evaporation at b heat will be absorbed, and 
by the condensation of this vapor to ice at a, under 
the diminished pressure, heat will be liberated. A 
layer of ice will thirs be formed at b, while the heat 
liberated will melt an amount of ice at a. We would 
have, then, an exchange of heat at the same tem- 
perature. If this were possible, perpetual motion 
would be possible; since, however, the latter is im- 
possible, the vapor-pressure of the solid must be the 
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same as that of the liquid, both having the same 
temperature. 

The latent heat of fusion and sublimation varies 
with the temperature just as does that of evaporation, 
and the expression for it may be derived in the same 
manner. We assume here that all change takes place 
at constant volume, i.e., that no external work is 
done, (i) One gram of solid is allowed to melt at 
its fusion temperature T by which the heat absorbed 
is Wt^ and the resulting liquid heated to 7"+/, 
which absorbs the heat Cit. (2) The gram of solid is 
first heated to 7"+ /, which absorbs the heat r,/, and 
then allowed to melt, absorbing the heat Wr^t* Since 
the loss in energy by the two processes is the same, 
we have 



and 



— {fi + Wj) = — {C,t + WT^t) 






By this we see that if the specific heat of the solid is 

larger than that of the liquid state, the heat of fusion 

decreases with, increasing temperature. 

dw 
In the case of H^O Ci=^ i, ^,= 0.5 ; hence --pp =0.5, 

and the latent heat of fusion for water is 

w„ = 80 + 0.5/. 
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Thus at freezing-point — 4° caused by pressure of 530 
atmospheres iv^ = 78. 

The variation in the latent heat of sublimation with 
the temperature is to be calculated by the formula used 
for the heat of vaporization, the specific heat of the 
soli4 being substituted for that of the liquid. 



CHAPTER V. 

SOLUTIONS. 

28. Definition of a solution. — A solution is a 
homogeneous mixture which cannot be separated into 
its constituents by mechanical means. The power to 
form solutions varies with the state of aggregation. 
Thus for gases it is unconditioned, while for solids, 
the opposite extreme, it is small, though still present. 

29. Gases in liquids. — A true solution here is one 
in which there is no chemical reaction between the 
liquid and the gas, i.e., the gas may be expelled by 
heat. Henry's law, which was verified by Bunsen, 
enables us to find the amount of gas which will be 
absorbed. When a gas is absorbed in a liquid the 
amount dissolved is proportional to the pressure of the 
gas. Since, however, pressure and volume (at con- 
stant temperature) are inversely proportional, the law 
may also be expressed as follows: a given amount of 
liquid absorbs^ at any pressure, the same volume of gas. 
If now we introduce the idea of concentration (i.e., 
the amount of substance divided by the total volume), 

instead of the pressure, we obtain also another form 

83 
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for the law: The amount of gas dissolved by a liquid 
is siiek that there is always a constant ratio between the 
concentration of the gas in the liqtiid and in the space 
above it. This ratio does not depend upon the actual 
concentrations, but only upon the ratio of the two. 
The size of this ratio is dependent only upon the 
nature of the liquid and its temperature. 

If, instead of a single gas, a mixture of gases is dis- 
solved this law also holds, in that each constituent is 
absorbed from the mixture to the same extent as if it 
were present alone. 

The condition of Che molecules of gas in the liquid 
is of interest. Dalton offered the first theory for this 
by assuming that the gas-molecules simply fill up the 
space between those of tlie liquid. This, however, is 
not in accord with the facts, for an increase in tem- 
perature increases the separation of the molecules of 
the liquid, and yet decreases the amount of gas 
absorbed. 

What probably does take place is this: There is a 
certain attraction between the molecules of the gas 
and those of the liquid. The molecules of the liquid 
on the surface, then, attract those of the gas until the 
ratio of concentration is reached. This layer of the 
surface is, however, no longer in equilibrium with the 
rest of the liquid, so that the layer sinks, dividing the 
gas, with which it is saturated, with the other layers 
with which it comes in contact. The new surface layer 
thus formed absorbs the gas (although to a smaller 
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extent, for the pressure is reduced) just as the original 
layer did, and goes through the same process, until 
finally the mixture is homogeneous and in equilibrium 
with the gas. If the pressure is increased more gas 
dissolves, for the pressure acts in the same direction 
as the attraction of the molecules, and increases it. 
If the temperature is increased, however, the liquid 
molecules have a greater tendency to go into the 
gaseous state, and the mutual attraction is diminished. 

Among the characteristics of a gas absorbed in a 
liquid are the following: There is less absorption in a 
solution than in a pure solvent, and addition of a sub- 
stance to a liquid already containing gas forces this 
out. A liquid is easily supersaturated with gas, i.e., 
reduction of the pressure does not cause the gas to 
evolve immediately. The presence of dust or another 
gas, porous solids enclosing air, free from the gas in 
question, cause this latter to evolve. 

When a gas is absorbed in a liquid there is always 
a change of volume in the latter. As a general rule 
the less compressible a gas is the greater is the in- 
crease of volume caused by it. The chief difficulty 
experienced in compressing a gas, it will be remem- 
bered, is caused by the volume occupied by the mole- 
cules themselves, i.e., b in the equations of Natterer 
and Van der Waals. We should expect, then, that the 
increase in volume would be proportional to the term 
b for the gas in question. That this is so is shown 
bjr Table IJJ, 
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Table 


III. 




Gas. 


Av 




b 


O 


O.OOII5 




0.000890 


N 


0.00145 




0.001359 


H 


0.00106 




0.000887 
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This shows that the volume of gas absorbed is 
reduced almost to that occupied by the molecules 
in the gaseous form. The pressure exerted by the 
attraction of the molecules of gas and liquid must 
be fully 3000 atmospheres in order to reduce the 
volume of the gas to such an extent. 

30. Liquids in liquids. — We have in this case three 
possibilities: 

1. No solubility, i.e., the formation of two layers 
and no homogeneous mixture. 

2. A mutual solubility, but. not in all proportions 
(as water in ether = 35^ and ether in water = I0j<). 

3. The same relation as with gas, i.e., a solubility 
in all proportions (as water and ethyl alcohol). 

The volume of liquid mixtures is not an additive 
property. The volume is never equal to the sum of 
those of the constituents. Almost all mixtures possess 
a volume smaller, but a few larger, than the sum of 
the partial volumes. This difference is due to a 
mutual rearrangement of the molecules and in some 
cases undoubtedly to the decomposition of associated 
molecules. 

The most important point for us to consider here 
concerning these mi;xtures is the manner in which they 
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evaporate. We shall consider first (i) cases where 
two completely unmiscible liquids are present ; next 

(2) those which have a mutual solubility ; and finally 

(3) those for which the mixture is homogeneous. 

(i) A liquid which consists of two immiscible con- 
stituents, present in two layers, has for its vapor-pres- 
sure the sum of those of the constituents. The boiling- 
point of such a system, then, is that temperature at which 
the vapor-pressure becomes equal to the pressure of 
the atmosphere; it lies still lower, therefore, than the 
boiling-point of the lower boiling constituent. This 
is difficult to observe experimentally by direct heat- 
ing, owing to the bumping. If, however, the vapor 
of another boiling liquid is passed through the mix- 
ture the whole is heated evenly and to the same 
degree, and the mixture distils below the temperature 
at which either constituent alone will do so. 

Assume the vapor-pressures of the constituents to 
be/, and/,; the volume of each in the vapor which 
distils over will be proportional to these pressures. 
The weight of the vapor of each is equal to its den- 
sity multiplied by its volume, or by what is propor- 
tional to it, its vapor-pressure. We have, then, the 
weights (^, and q^ of the constituents in the vapor 
from the proportion 

q,\q^\\ PA ' PA' 

If the vapor-pressures of the two constituents and 
their weights in the vapor are known it is possible to 
determine the vapor-density of the one in terms of the 
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other. Naumann was the first to do this, using the 
equation 

2. In the case of a mixture of partially misclble 
liquids, i.e., where each is mutually soluble in the 
other, we have also a constant boiling-point and a 
constant distillate so long as two layers remain. The 
boiling-point here may be higher, equal to or, as for 
class 2, lower than that of the lower boiling liquid. 
It cannot, however, be higher than that of the higher 
boiling constituent. With regard to the vapor-pres- 
sures of the two layers formed when the two constit- 
uents are to a slight degree mutually soluble, Kono- 
walow has shown that the liquid B when saturated with 
A has the same vapor-pressure as the liquid A when 
saturated with B, both being at the same temperature. 
Since the same vapor is given off by both layers, the 
only effect of the distillation is to change the relative 
quantities of these, for the portion lost by one layer 
will be absorbed from the other. When but one layer 
remains the liquid is identical with those in class 3. 

3. When the liquids mix in all proportions, or in 
general when there is only one layer of liquid, then 
it is possible to make a complete separation of the 
constituents by a fractional distillation, provided 
the vapor-pressures of the two differ. The vapor 
given off by a homogeneous mixture has a different 
composition from that of the liquid, and its vapor- 
pressure is no longer equal to the sum of those of 
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the constituents; it depends upon the action of the 
h'quids upon one another and upon the vapors given 
off. 

If we use a system of coordinates in which the vapor- 
pressures are laid out upon the axis of ordinates, and 
the percentage composition of the hquid upon the axis 
of abscissae, we find that the vapor-pressure never 
reaches the sum of those of the constituents, but at 
times goes even below the smaller of these. Fig. 5 




Fig. 5. 

gives three types of curves thus obtained, which will 
illustrate the principle involved. We find in I a 
maximum of the vapor-pressure corresponding to a 
certain strength of solution. In II this maximum has 
disappeared, while in III the opposite extreme is 
observed, i.e., a minimum of the vapor-pressure 
which corresponds to a certain composition. 

I. Mixtures which correspond to this type possess 
a maximum of the vapor-pressure for a certain com- 
position, i.e., the lowest boiling liquid is a solution of 
a certain strength. An example of this is a 75^ solu- 
tion of propyl alcohol in water. This 75^ solution 
will distil at the lower temperature from any propyl- 
alcohol solution until one of the constituents, i.e., 
either the water or the propol alcohol, has disappeared, 
when the other will remain behind in the almost pure 
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state. Thus if we start with a 50^ solution of propyl 
alcohol a 75^ solution will be distilled until all the 
alcohol is removed and water is left in the flask. If 
we start with a 90^ solution of the alcohol the 75^ 
solution will be given off until all the water has been 
used up and pure propyl alcohol remains behind. 

II. For mixtures of this type we can make a com- 
plete separation by distillation. The vapor-pressure 
of all mixtures lies between those of the two constitu- 
ents; consequently the one with the higher vapor- 
pressure will be given off in the almost pure state, 
leaving the other behind. Solutions of ethyl and 
methyl alcohol in water belong to this class. To cal- 
culate the value of vapor-pressure, see p. 105. 

III. Here we have a minimum of the vapor-pres- 
sure corresponding to a certain composition. A 
solution of this composition will, then, always be the 
last to be distilled, since its boiling-point is the highest 
of all possible mixtures. This is just the opposite of 
case I, where the solution of a cetain composition is 
given off first. All solutions, for example, of formic 
acid and water will distil off an amount of one con- 
stituent until the solution remaining contains 70^ of 
formic acid. A 90^ solution will give off almost pure 
formic acid until just enough remains to form a 70^ 
solution. A 50^1^ solution will give off water until the 
70^ solution is left behind. 

31. Solids in liquids. — When a soluble solid comes 
in contact with a liquid it dissolves. When no more 
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substance is taken up by the liquid at any one tem- 
perature the solution is said to be saturated at that 
temperature. There are two general methods of 
making a saturated solution ; but in either it is always 
to be remembered that in order for a solution to be 
saturated the solid substance must always be in contact 
with it, 

I. The substance, in the form of a powder, is 
brought into the liquid, and agitated at a certain tem- 
perature until no more is dissolved; or, 

II. The solution is made as above, but at a higher 
temperature than the desired one, to which it is 
reduced later. 

Both these methods give the same result if properly 
carried out, although the latter is quicker and so to 
be preferred, 

32. Osmotic pressure. — If in a tall jar we place 
a layer of pure water over a colored solution we 
observe after a time that the whole liquid is colored. 
The colored molecules have diffused through the liquid 
until a homogeneous mixture results. This action 
shows that there must be a certain tendency for the 
molecules to get as far apart as possible, which causes 
them to go from the solution into the water. This 
pressure exerted by the molecules in a solution diffus- 
ing into the pure solvent is the osmotic pressure of 
that solution. If a vessel is provided with a partition 
of such a nature that it allows free passage to the 
molecules of the solvent, but not to those of the 
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solute, and we have water on one side and a solution 
on the other, the molecules of the solute will exert a 
pressure upon it; this is the osmotic pressure of that 
solution. Semipermeable partitions of this sort had 
been found by Traube so that Pfeffer was able to 
actually measure the different osmotic pressures in 
terms of a column of mercury. An apparatus by 
which the principle of Pfeffer's measurements may be 
understood is shown in Fig, 6. The cylinder A is 
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made of porous clay, and is designed to support the 
semipermeable film. To produce this the pores o( 
the cylinder are filled with a solution of copper sul- 
fate. After the excess of this is removed the cup is 
filled with a li solution of potassium ferrocyanide, 
and allowed to stand for a day in a solution of copper 
sulfate. In this way the pores are filled with a film 
of copper ferrocyanide, which is permeable to the 
molecules of water, but not to those of many salts. 
The process of measuring is as follows; The now semi- 
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permeable cylinder is washed out and filled with the 
solution to be measured. The rubber stopper CC is 
now inserted in A in such a way that the solution 
rises a short distance in the tube, i.e., the cylinder is 
entirely filled with solution without air and the tube 
connected to a manometer. The cork BB is now 
fastened in the vessel DD^ which is filled with water. 
The liquid rises slowly in the tube until equilibrium is 
reached, i.e., until the resistance in the manometer is 
just equal to the osmotic pressure. The height of the 
column of mercury thus represents the osmotic pressure 
of the solution in A. 

The molecules of the solute in the cylinder strive to 
get through the walls into the water; since, however, 
the film is not permeable to them, they exert a pres- 
sure upon it. Equilibrium can also be reached, how- 
ever, by water going into the vessel and reducing the 
concentration of the solution. Since in nature all 
tensions between bodies are equalized, the above 
course is the only one which can be followed. Water 
then goes into the semipermeable cell until the weight 
of the column of mercury is just equal to the osmotic 
pressure. The force with which the water goes in is, 
of course, equal to that with which the molecules of 
solute would go out, for in each case the final result 
would be the same, i.e., a homogeneous mixture. 

It is quite evident that it is not the water itself 
which exerts the pressure upon a semipermeable dia- 
phragm, for its molecules have a free passage through 
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the film. Further, equivalent amounts of solute in 
equal volumes of different solvents give the same os- 
motic pressure against in each case their own pure 
solvent, i.e., the osmotic pressure depends upon the 
solute and is independent of the nature of the solvent. 

The nature of the semipermeable partition has also 
no action upon the value of the osmotic pressure. 
That this must be true can be proven by the following 
process: Imagine A and B (Fig. 7) to be two unlike 
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Fig. 7. 

semipermeable partitions placed in a cylinder of glass. 
Between these assume the solution and lower the tube 
in a horizontal position in a vessel of water. If the 
pressure P is exerted by the partition Ay and p^ (a 
smaller one) by B^ then water will go through A until 
the internal pressure P is reached. Since B allows 
only the pressure/, however, this pressure P can never 
be reached, so that we should have a steady current 
of water going from A to B. This, however, would 
be a perpetual motion, which is impossible; hence the 
partition A must give rise to the same osmotic pressure 
as the partition B. 

Osmotic pressure is, then, independent of the 
nature of the solvent and the partition, the latter 
being simply a means of making it visible. 
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Pfeffer measured, by means of an apparatus of the 
type of the one described, the osmotic pressures which 
exist in a large number of solutions and found them 
in many cases to be very great. A few results for 
sugar solutions of varying concentrations at 15** €• 
are given in Table IV. 

Table IV. 
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where c is the percentage composition of the solution, 
p is the osmotic pressure, in cms. of mercury, and//^ 
is the ratio of pressure to concentration. 

Considering the difficulties in measuring and the 
imperfections in the semipermeable film, the term//^ 

« 

is to be considered as constant; hence the osmotic 
pressure is proportional to the concentration of the 
solute. Further results at different temperatures 
showed that the osmotic pressure is proportional to the 
absolute temperature, 

Van't Hoff in 1887 from this much knowledge 
derived, by the aid of thermodynamics, an analogy 
between the behavior of gases and substances in solu- 
tion. Here, however, we shall not go into his reason- 
ing, but shall consider how his results may be arrived 
at in a more simple manner. 

As we have seen by Pfeffer's results, the term p/c 
remains constant in solutions where / is the osmotic 
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pressure* and c is the concentration. \/Cy however, is 
equal to Vj the volume ; we have then 

p/c = pv. 

Since now the osmotic pressure is proportional to the 
absolute temperature, as is also the term p/c^ we have 

pv = constant X T. 

This equation is so much like the one for gases that 
it immediately suggests that there is some kind of a 
connection between them and substances in solution. 
If now the value of the constant is determined, then 
by comparing it with the gas constant it is possible to 
find this connection. Since we are to use the molec- 
ular gas constant in the comparison, it will be neces- 
sary also to find this constant for i mol. A i^ solu- 
tion of sugar at o° gives an osmotic pressure equal to 

49-3 X 13-59 = 671 grams per sq. cm. 

Since the molecular weight of sugar (C,jH„Oj,) is 
342, the volume in which i mol is dissolved (to give a 
\^ solution) is 34200 cc. We have then 

' . A^. 671 X 34200 ^ 
constant = —jT = 1 = 84200 gr.-cms., 

w %J 

while the molecular gas constant is 

R = 84800 gr.-cms. 

The constant is the same, then (within the experi- 
mental error), for the gaseous state and the state of a 
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substance in solution; consequently for each state, 
considering i mol, we have 

pV = RT. 

Van't Hoff summed up his results in the following 
form : the osmotic pressure of a substance in solution is 
the same pressure which that substance would exert 
were it ifi gaseous form at the same temperature and 
occupying the same volmne. 

Since i mol of gas at o° and 76 cms. of Hg occu- 
pies the volume of 22.4 liters, at the volume of i liter 
it will have the pressure of 22.4 atmospheres (Boyle's 
law). This pressure, 22.4 atmospheres, is then the 
osmotic pressure which is exerted by i mol of solute 
in I liter of solution, i.e., by a normal solution. From 
this osmotic pressure, 22.4 atmospheres, it is very 
easy to find that for any other concentration given in 
terms normal. Thus a n/\o solution gives an osmotic 
pressure of 2.24 atmospheres. 

If the osmotic pressure of a solution is determined 
it is then possible to find from it the molecular weight. 
A 2io solution of sugar gives, at 15° C, an osmotic 
pressure equal to 101.6 cms. of Hg. If this were a 
normal solution it would %\v^ a pressure equal to 22.4 
X 76 = 1702.4 cms. of Hg. The 2^ solution con- 
tains 20 grams in the liter; hence 20: M:: 101.6: 
1702,4; M = 335. In general we have 

M= 22.4(1 +0.00367/)-. 
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c = grams of substance per liter, / is rneasured in 
atmospheres. 

This result is accurate enough to show that in water 
the molecule of sugar is of the same size as is given 
by the formula. This holds true for most of the 
methods for molecular weight determination which 
we shall consider; they show the size of the molecule, 
i.e., whether it is single, double, etc. 

The determination of the osmotic pressure directly 
by the use of PfefTer's apparatus is not very satisfac- 
tory, owing to the difficulty in preparing the semi- 
permeable film and to the fact that this latter is easily 
ruined. An indirect method is given later, under the 
vapor- pressure of solutions, which is of great use. 

A simple method of observing the effect of osmotic 
pressure is given by Tammcn. If in a moderately 
strong solution of copper sulfate we place a drop of a 
strong solution of potassium ferrocyanide it is im- 
mediately surrounded by a semipermeable film of 
copper ferrocyanide. Since the ferrocyanide solution 
is more concentrated than that of the copper sulfate, 
water goes through the film, from the copper salt to 
the ferrocyanide, and dark streaks are observed to 
sink from the bubble. These streaks are of stronger 
copper-sulfate solution, which is formed from the 
other by the loss of water, and sink on account of 
their increased specific gravity. If the ferrocyanide 
solution is weal; and another salt or more ferrocyanide 
is added to it until no streaks are observed to sink 
from a bubble, then there must be an equal number 
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of mols per liter in both of the two solutions, i.e., in 
the copper solution and the ferrocyanide plus salt. If 
the ferrocyanide solution is weaker than the one of 
copper sulfate (in mols per liter), then water will go 
out of the bubble, which will decrease in size and light 
streaks will appear in the copper solution. 

Consider a cylinder, as shown in Fig. 8, filled with 
a solution, and provided with a semipermeable piston 



Solution 



Salt 



Fig. 8. 

{a). If by a certain weight this piston is lowered, water 
will go through it, and we shall have separated an 
amount of solvent from the solution. If the amount 
of water separated previously contained i mol of solute,, 
the osmotic work is given by the equation 

pV=RT, 

where V \s the decrease in volume occupied by the 
solute under the constant osmotic pressure/. It is 
possible thus to determine the molecular weight of any 
substance in solution by finding the work necessary for 
the separation of a certain amount of the solvent. For 
each mol the work is 2 7'cals., so that the number of 
mols'' in the definite amount of solvent may be calcu- 
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lated and from this the molecular weight of the solute. 
The separation of the solvent may take place in one 
of a number of ways, as, for example, freezing, evap- 
orating, etc. 

33. Electrolytic dissociation or ionization. — The 
molecular weights of a number of organic substances 
in water are found correctly from the osmotic pres- 
sure. For inorganic salts, acids and organic acids, 
however, varying results are obtained. The osmotic 
pressure is here always too large and consequently the 
molecular weight is too small. This reminds one im- 
mediately of the abnormal densities of gases. In the 
case of the gas the volume increases and the pressure 
is constant ; in that of the solution, however, the vol- 
ume remains constant, while the pressure changes. 
Both of these abnormal results can only be accounted 
for by the assumption of an increased number of mole- 
cules or of particles acting as molecules. 

Let us for a moment consider the idea which was 
held in 1887 for the conduction of electricity by elec- 
trolytes. Faraday had proved that electricity can only 
move in electrolytes upon certain small component 
parts of the substance. These particles he called ions^ 
and assumed that they absorb electricity from one 
electrode and surrender it up to the other. The 
Grotthus theory assumed these ions to be formed from 
the molecules by the current, which they afterward 
carried from electrode to electrode. 

Arrhenius in attempting to find an explanation for 
the abnormal osmotic pressures found by experiment 
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that those substances y and only those ^ which give 
abnormal osmotic pressures in solution are capable of 
conducting the electric current ^ and if they are dissolved 
in other solvents in which they behave normally they 
lose this power. 

Considering this law and the theory which then 
existed for the conduction of electricity in electrolytes, 
it is quite evident that the ions which conduct the 
current must always be present, i.e., they are not 
formed by the current. The ions of course act as 
molecules and so increase the osmotic pressure. 

Since the molecular electrical conductivity* in- 
creases with the dilution (i.e., the number of liters in 
which I mol is dissolved), Arrhenius found it necessary 
to divide the particles present in a solution into two 
classes: the molecules or inactive particles, and the 
ions or active particles. Increasing dilution increases 
the number of active particles or ions at the expense 
of the inactive ones. At infinite dilution, then, the 
inactive part would practically disappear, and we 
should have only ions. If a is the degree of dissocia- 
tion or ionization^ i.e., the fraction of the total sub- 
stance which is present as ions, then for any dilution 

where ;/„ is the molecular conductivity for the volume 
in question, and pi^ is that at infinite dilution. 

* See Chapter IX. 
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The ions which are formed from a substance must 
be charged very heavily with electricity; otherwise 
they would not conduct the current. We have, for 
example, in a solution of acetic acid undissociated 

4- — 

molecules of C,0,H^ and ions of H and CH,COO. 
Since the ions are charged with electricity, they do 
not behave as they would in the molecular state, i.e., 
they are not given off as gases. 

Further, some ions are always charged with positive' 
electricity, while others are charged with negative; 
but no ion is known which is one time positive and 
another time negative. For this reason an element 
going into solution in water, for example, cannot dis- 
sociate into ions, for it is always necessary for equal 
amounts of positive and negative ions to be formed. 

When a substance dissociates it is necessary always 
that there be a certain relation between the ions and 
the undissociated portion. Ostwald proved this to be 
true for all the organic acids which are slightly dis- 
sociated. The equation of equilibrium is the same as 
for dissociating gases, i.e., 

(28) Kc — c^c^, 

where K is the dissociation or ionization constant, c^ and 
c^ are the concentrations (in mols per liter) of the two 
ions, and c the concentration of the undissociated por- 
tion. Here, just as with gases, the dissociation decreases 
by the addition of one of the products of dissociation. 
If, for example, we add to an acetic acid solution 9, cer- 
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tain amount of a solution of potassium acetate, then 
the product CyC^ (i-e.» H X CH,COO) is increased un- 
til it is larger than Kc\ it cannot exist in this state, 

+ 
however, so that equal amounts of H and CH,COO 

ions (i.e., c^c^ unite to form acetic acid (i.e., c) until 
the equation is fulfilled. We may also express this 
formula in another form in which we keep separate the 
c^ (CHjCOO) ions of the two substances. We have 
then 

(29) Ar^' = ^,V.' + 0. 

where c^' is the concentration of CH,COO ions in the 

form of the potassium salt added to the acetic acid, 

+ 
c^ is the concentration of H ions and c^ that of the 

CHjCOO ions of the acetic acid which are left free 
and, of course, equal to c^ ; c is the concentration of 
the undissociated portion CH.COOH. Contrast- 
ing (28) and (29), knowing K to be the same in both, 
we find c' > r, r/' <c^ , c/ < c^. 

Examples of dissociation are given later all through 
our work, and the methods by which it is determined, 
as well as the use to which it is put, are discussed at 
length. 

34 Solution-pressure. — We are now in position to 
understand what takes place when a solid goes into 
solution. If undissociated in the solution, the mole- 
cules are given off into the solvent, in the same way 
as in sublimation they are given off into the gaseous 
space until a certain pressure is reached. The pres- 
sure which a solid exerts in going into solution is called 
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the solution-pressure. If ions are formed in the solu- 
tion, then the solid will dissolve until each ion, as well 
as the undissociated portion, reaches a certain concen- 
tration. If a substance is dissolved in its own solu- 
tion, naturally less solid will dissolve. In the same 
way a substance which dissociates is less soluble in a 
solution containing an ion in common with it than in 
pure water. The solution-pressure is equal to the 
osmotic pressure of a saturated solution, for that, 
where solution is complete, has prevented the solution- 
pressure from forcing more solid in solution. 

The work of separation of I mol of a dissociated 
substance from the volume of solvent which contained 
it is equal to iRT^ analogous to the work done by ex- 
pansion of a dissociated gas, where i is the sum of 
undissociated and dissociated portions, i.e., the total 
number of mols present. Since 

jRT _ . 
RT ~ ^' 

a, the degree of dissociation, may be calculated, for 

/ — I 
a= — — . 

n— I 

35. Vapor-pressures of solutions. — It has beefi 
known for many years that the vapor-pressure of a 
solution is lower than that of the pure solvent. Babo 
(1848) and Wullner (1856) found, further, that the 
depression of the vapor-pressure is proportional to the 
amount of solute present; and for the same solutiofi the 
depression for any temperature is the same fraction of 
th^ vapor^pressure of the pure solvent. 
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If / is the vapor pressure of the pure solvent, p' that 
of the solution, and w the percentage of solute, then 

^^^ = kw, 
P 

P — P' 
where k is the relative depression, — - — , for a i^ 

solution. 

Raoult in 1887 found that a more general relation 
is obtained if the relative depression is determined for 
one mol of substance in a certain amount of solvent. 
By experiment he found that all solutions containing 
one mol of substance in a certain weight of solvent 
possess the same vapor-pressure; i.e., the MOLECULAR 
depression of the vapor-pressure is constant for all sub^ 
stances in the same solvent. Further, he found that solu- 
tions of equimolecular amounts of substance in equal 
weights of different solvents to give relative depres- 
sions of the vapor-pressure which are proportional to 
the molecular weights of the solvents. This shows 
that the vapor-pres5ure depends upon the relative 
number of the molecules of the solute and solvent. 

Raoult summed up his results as follows: One mol 
of any substance dissolved in 100 mols of any solvent 
causes a constant relative depression of the vapor- 
pressure. 

This law may also be expressed in another form : 
The vapor 'pressure of a solution is to that of the pure 
solvent as fhe number of mpls of the solvent is to fhe 
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total number of mols present in the solution ^ i.e., of 
solvent plus solute. 

For very dilute solutions the number of mols of the 
solute is so small in comparison with that of the 
solvent that the ratio becomes one, i.e., the vapor- 
pressure of the solution is practically the same as that 
of the solvent. 

For any solution we shall have 

p' N 



p N+n ' 
or 

/-/_ n 



(30) 



N+ n ' 



where N is the number of mols of the solvent and n 
is the number of the solute. 

This equation will only hold when the solute is non- 
volatile, a condition which is practically fulfilled when 
its boiling point is 140° above that of the solvent. If 
this condition is not fulfilled, it is still possible to cal- 
culate the depression of the vapor-pressure. Where 
both liquids give off vapor, each one is to be treated 
in turn as solvent. If n^ and «, are the number of 
mols of each substance present in the liquid, then 

n, + n^ p, n, + «, /, 



or 



^A=/.,77^ and J^,^^,-3_.. 
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If each of the two liquids had no effect upon the 
other, the vapor-pressure would be /» +A *» ^^ it is, 
however, the vapor-pressure must be lower than this 
by the sum of the two depressions, i.e. 

Since the relative depression of the vapor-pressure 
of a solution depends upon the number of mols of 
solute and solvent plus solute, it is possible by its aid 
to determine the molecular weight of the solute if 
that of the solvent is known. Since the ions act 
exactly as molecules in this respect, the results are 
only correct when the substance is undissociated. 

For the determination of either the molecular 
weight or the dissociation it is more convenient to 
use an altered form of equation (30), i.e., 

p — p' n 



(31) 



/ ~A^^ 



according to which the depression of the vapor- 
pressure is to the vapor-pressure of the solution as the 
number of mols of solute is to the number of mols of 

solvent, 

m 
Since n = ~, where w is the weight of solute and 
w ** 

W 
in its molecular weight, and iV = -rj, fFand J/ being 

these terms for the solvent, we have 

p — p' wM , , wM p' 

— IT — = — F77> or (32) tn = -777- . ",. 

/' mW ^ ' W p— p 



soLur/ojvs. 
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Example. — A solution of 2.47 grams of ethyl ben- 
zoate in loo grams of benzene has a vapor-pressure of 
742.6 mm. of Hg, while pure benzene has one of 
751.86 mm., both at 80° C. Find the molecular weight 
of ethyl benzoate. w = 3.47, M= 78, W= 100, 
/' = 742.6, / = 75i.86, / — ;>' = g.26; hence m= 154, 
while from the chemical formula we find C J1,C00C,H, 
= 150. 

For all organic solvents correct molecular weights 
are obtained, for in them the dissociation is so small 
that it may be neglected, 

36. The relation between osmotic pressure and 
the depression of the vapor-pressure. — The formula 
used above was found empirically, but it is possible to 



derive it theoretically by the aid of the conception of 
osmotic pressure. Imagine an apparatus in the form 
of Fig. 9. The tube /i, which contains a solution, has 
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at its lower end a semipermeable partition, which 
allows passage to the molecules of the solvent, but not 
to those of the solute. This tube is placed in the vessel 
jF, which contains the pure solvent. Assume now that 
the whole apparatus is covered with a bell jar from 
which the air is exhausted. 

The two liquids will be in equilibrium when the 
weight exerted by the column hG is equal to the 
osmotic pressure of the solution. Both liquids will 
evaporate, one at h and the other at G. The vapor- 
pressure of the solution at // must then be the same 
as that of the solvent at the same place. If this were 
not true liquid would either condense or evaporate at 
A, and this would disturb the equilibrium between the 
height of the column and the osmotic pressure in 
such a way that water would go through the partition. 
This would cause, however, a continuous cycle, from 
which we might obtain work without any change in 
temperature, i.e., a perpetual motion; hence the 
vapor-pressure of the two liquids must be the same 
at A. 

The actual pressure which the pure solvent has at h 
is equal to its vapor-pressure minus the weight of the 
column of vapor hG. This is, then, the vapor-pressure 
of the solution. Let there be N mols of the solvent 
and n mols of the solute. The osmotic pressure, i.e., 
the pressure which the substance would exert in gas 
form, under the like conditions, from (9), for i mol is 



p=^ 
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« 

or for n mols 

(33) ^=-F"- 

N mols of the solvent, however, will weigh NM 
grams, where M is the molecular weight ; hence 

MN 
s ' 

where s is the specific gravity of the solvent. Substi- 
tuting this in (33), we obtain 

„ nRTs 

(34) ^=-MN- 

P, the osmotic pressure, is also equal to the weight 
of the column of solution, i.e., 

(35) ^=As, 

the specific gravity of the solvent being used because 
the hydrostatic pressure depends only upon the liquid 
which can go through the partition. Combining (34) 
and (35), we find 

The weight of the column of vapor hG is equal 
to the difference between the vapor-pressure of the 
solvent, /, and that of the solution, p\ i.e., 

ha =:p ^ p\ 
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where « is the specific gravity of the vapor. In case 
the column is of a considerable height the density of 
it will depend upon the pressure, i.e., 

adh = dp 
or 

dp 



(37) « = 



dh' 



M 
The density a, however, is equal to 77 ; hence 

'MP 



RT 
or when combined with (37) 

dp_ _Mp 
dh" RT^' 

i.e., 

dpRT = Mpdk 
or 

RT dp 



dh == 



M ' p ' 



and finally by integration between the limits pQ^p 
and pt, = / 

(38) H = ^iL 

Combining this with (36), we find 

fiRT _RT p 
MN "" ~M p' 
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or 

p 
This term, /-r, can be written in the form 



■(■ + '-¥-) 



and this when developed in a series gives 

Here, however, the second term may be dropped, 
since p -^ p' is small, and we find 

P-P' ^ n 
/ N 

or 



p N+n 

which is the equation found experimentally by Raoult. 

n 
Whenever -r^ < o. i we may use, as before mentioned, 

the simpler equation 

P-P' _n 

Since the osmotic pressure is given by 

P = As, 
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and h by (38) is given as 

we find 

RT p 
P = hs = ~^^^Tf gr.-cms. {R = 848CX) gr.-cms.). 

To obtain the value of P in atmospheres it is neces- 
sary to divide this result by 1033 gr.-cms., the pres- 
sure of one atmosphere. We have then 

, , _ RT J RT p-p' 

(39) P = lursl—, = ttS- -—t- atmos. 

Example, — 2.47 grams of ethyl benzoate in 100 
grams of benzene gives /'= 742.6, while /= 751.86 
(at 80°). Find the osmotic pressure. R = 84800, 
r = 273 + 80 = 353", M= 78, s = 0.8149, p-/ = 
9.26; hence 

P=z 3.6 atmospheres at 80° C. 

37. Increase of the boiling-point. — Since the vapor- 
pressure of a solvent is depressed by the solution of a 
substance, the boiling-point must increase, so that 
from this term it is also possible to determine the 
molecular weight of the substance dissolved. We 
have only to find for this purpose the relation between 
the number of mols of solute to the corresponding 
increase in the boiling-temperature. This relation can 
be found by the aid of the second principle of thermo- 
dynamics, and this we shall do later. First, however, 
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it will be well to consider the law as found empirically, 
from the fact that the vapor-pressure of a solution is 
lower than that of the pure solvent. 

One mol of any substance dissolved in 100 grams 
of solvent must always cause a certain definite increase 
in the boiling-point of that solvent, since it causes a 
definite depression of the vapor-pressure. If A is the 
increase due to a i^ solution, then MA is that due to 
I mol in 100 grams of solvent. We have then 

K-MA 
or 

^ - A' 

where K is the molecular increase of the boiling-point, 
i.e., that due to the solution of i mol of substance in 
100 grams of solvent, which must be constant for all 
substances in the same solvent. 

If g grams of substance are dissolved in G grams of 
solvent and the increase of the boiling-point is ^, then 

100/ 
and we have for the molecular weight 

g 



M= looK 



JG' 



This term K can be found for any solvent by ascer- 
taining the increase in the boiling-point due to a cer* 
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tain amount of a substance whose molecular weight is 
known, and solving the equation for K, Thus i mol 
of any substance dissolved in lOO grams of ether in- 
creases the boiling-point of the latter 21°. i. This is 
calculated from the solution of a smaller amount of 
substance, so that the increase is smaller and more 
accurately determined. 

The term K may also be found as already men- 
tioned from the relation between the number of mols 
added and the consequent increase in the boiling- 
temperature. This is derived as follows : Assume in 
100 grams of a solvent whose molecular weight is 
M and whose boiling-point, under atmospheric pres- 
sure /, is T that there are n mols of solute. Under 
the pfessure / the solution boils at the temperature 
T-\- dT. At the temperature T the vapor-pressure 
of the solvent is/, and consequently at the tempera- 
ture 7"+ dT it will h^ p -{' dp. The difference in 
vapor-pressure between the solvent and the solution 
at the temperature T -\- dT is dp. 

The variation of the vapor-pressure with the tem- 
perature of a liquid luis already been given as 

dp _ Ip 
dT '^tT^' 

or 

dp I 
(40) J = ^yi^T^. 

The relative depression of the vapor-pressure caused 
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by the solution of n mols in 100 grams of solvent is 
equal to 

dp 
dp+P' 

or, since dp is small as compared to /, 



dp 
7' 



According to Raoult's law of the relative depression 

. , 1 . dp , . n 

of the vapor- pressure this term -— is equal to j^, 

p — p' n , ._ 100 „, , 

I.e., — -7 — = -TT, where N = -rr. We have then 



dp_ n_ _ftM_ _ldT 
p ~ N ~ 100 ~ 2r*' 

Since, however, /, the molecular heat of evaporation 
of the solvent, is equal to Mw, where w is the heat for 
I gram, it follows that 

nM _ MwdT 
100 "~ 2T^ ' 

or 

0.027^' 
dT = n, 
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which for n = i reduces to 



w 



i.e., the increase in the boiling-point caused by the 
addition of I mol of substance to loo grams of 
solvent. 

Some of the values of K^ determined in both ways, 
for they give the same results, are: benzene, 26.70; 
chloroform, 36.60; carbon disulfid, 23.70; water, 
5.20. 

The osmotic pressure may be found directly from 
the increase in the boiling-point in the following 
way: 

dp _ IdT 

i> "2r- 



Substituting this value in place of j^> — in (39), 



Rswt 

P= — — TT-^ atmospheres, 

1033 X2X T ^ 



where w is latent heat for i gram, since / = Mw and 
t = dT is the increase in the boiling-point. 

The theoretical part of the above was first deduced 
by Arrhenius, and the empirical part, previously, by 



soLC/riojvs. 117 

Beckmann. The apparatus which is used for the 
practical determination was also devised by Beckmann 
and is shown in Fig, 10. About 20 cc. of the solvent 




are placed in the vapor-bath B, which causes the boil- 
ing-tube A to be heated evenly. The boiling-tube 
^as a piece of platinum wire fused in its bottom, and 
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this is covered with small garnets or beads to prevent 
all bumping and to cause the boiling to take place 
gently. On top of these beads a weighed amount of 
the solvent is placed and the thermometer so fixed 
that the bulb is covered with the liquid. The heat- 
ing is to be done carefully until the liquid boils, the 
evaporating part being condensed in the spiral tubes. 
After a short time the temperature becomes constant 
and the reading of the thermometer is taken. This 
gives the boiling-point of the solvent, the amount of 
which present is known. A weighed amount of the 
substance is now introduced into the tube and the 
temperature of boiling again observed. This is the 
boiling-point of the solution. The thermometer is 
one which was invented by Beckmann* and is divided 
into hundredths of a degree. 

Example. — Beckmann found for a solution of 2.0579 
grams of iodine in 30.14 grams of ether an increase 
in the boiling-point of the ether equal to o°.566. 
What is the molecular weight of iodine ? 

^=2.0579, (7=30.14, J = 0.566, .fir= 21.10; 

hence 

2.0579 
m = 21.10 X 100 ^^^ ^' — = 254. 
^ 0.566 X 30- H 

I' corresponds to 254; hence in a solution of ether 
iodine exists in diatomic molecules. 

* For details see Ostwald, Handbook of Physico ChemicaJ 
^C^3urj?ments, MacmilUn, 
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38. Depression of the freezing-point. — More than 
one hundred years ago- Blagden found by experiment 
that the freezing-point of a solvent is depressed by the 
addition of any substance to it. 

Raoult found further (1887) thai one tnol of any un- 
dissociated substance dissolved in 100 grams of any one 
solvent causes a constant depression of the freezing-point. 
If one mol of any substance dissolved in 100 grams of 
any one solvent causes a depression equal to K, then 
if A is the depression caused by a \% solution 

MA = K, 

where M is the molecular weight of the solute, or 

A 

If ^ grams of substance are dissolved in G grams of 
solvent, and the depression is J, then 

IQOg 

or 

M^ looK-^, 

where K may be found experimentally, as in the case 
of the boiling-point, when a substance of known mo- 
lecular weight is used. 

It is also possible to find an equation by which the 
value of K can be determined for any solvent. This 
equation is derived as follows : Assume a very large 
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amount of a solution, containing /^ of solute, in a 
cylinder which is provided with a semipermeable pis- 
ton (Fig. 9). Let the freezing-point of the pure 
solvent be Ty and its latent heat of solidification, i.e., 
. for I gram, be w\ further, assume 7"— J° to be the 
freezing-point of the solution. Cause an amount of 
the solvent to be separated from the solution at 7"** 
by a pressure upon the piston. If the amount of 
solvent separated previously contained i mol of sub- 
stance in solution, and if the amount of solution is so 
great that this has not caused an appreciable increase 
in the concentration, then the osmotic pressure, /, 
will remain unchanged, and we shall have to do the 
osmotic work 

pv -^ RT ^2T cals. 

Now allow this volume of solvent to freeze at T. 
ny this we obtam ., cals. at / , since the weight 

of this volume is ./ , where M is the molecular 

weight of the solute. 

Next reduce ihc tcn\pcrAlurc of both ice and solu- 
tion J'*, i.e,! 10 /' - J'\ and allow the solid to melt in 

the solution, by which y\ cals, arc absorbed at 

T— -^^s FinAlly% trti>o the temperature of the whole 
sj^tctn as^Ain lo 7\ 

The two amouulN of he^t* i.e*» the amount liberated 
by the coolinj; of the .xyNtotn J ' i\nd thai absorbed by 
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the heating J^, cancel. By this reversible process we 
have done the work 

pv='2T cals., 

\ooMw 
and by it have transferred — -p — cals. from T ^ A 

to T^ for heat has been absorbed at Z — J and lib- 
erated at T. By the second principle of thermo- 
dynamics we have then 

2T A 

~P 

or 

0.02 y __ AM 
w "" P • 

This term — p-> however, is the molecular depression 

of the freezing-pointy i.e., that due to a solution of i 
mol in ICO grams of solvent. If we call this /, then 

0.02 T' 

t = = K. 

w 

The value of K varies naturally with the different 
solvents, but is constant for any one. Some of the 
values are: water, 18.9; acetic acid, 38.8; benzene, 
49.0; phenol, 75.0. 

From the fact that the vapor-pressure of a solution 
is lower than that of the pure solvent it is necessary 
that the freezing-point of the solvent be depressed by 
the addition of any substance. When the ice which 
is separated is the pure solvent, and the freez- 
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ing-point is that temperature at which both solid and 
liquid may exist together in equilibrium in all propor- 
tions, the vapor-pressure of ice and liquid must be the 
same. This has already been proven, and if it were 
not true a perpetual motion would be possible. In 
Fig. 1 1 WW is the vapor-pressure curve for water, ss 




Fig. II. 

that for a solution, and ii that for ice. At the point 
/ = o ice and water have the same vapor-pressure, 
and so are in equilibrium. The solution and ice, 
however, will only be in equilibrium at the tempera- 
ture corresponding to the intersection of the two 
curves, i.e., the /reezing-point of the solution must lie 
below that of pure water. The more substance in the 
solution the lower the vapor-pressure will be and the 
lower the intersecting point will lie, i.e., the lower the 
freezing-point will be. This is the same as the em- 
pirical law already used by which the depression is 
proportional to the amount of substance dissolved. 
When water is used as a solvent, and the substance 
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is dissociated in it, the molecular weight found will be 
too small. If X is the true molecular weight and x' 
is that found, then 

X \x' \\i\\\ 

i.e., the ratio of the true molecular weight to that 
found is the same as that of the total number of 
molecules present to the number present provided no 
dissociation takes place. This follows from the fact 
that the greater the number of molecules present in a 
certain volume the smaller must be the molecular 
weight. 

/, the total number of mols present when we have 
started with one is given by the equation 

/ = (i — a) -{- 2a 
or 

i =- I + a ; 

a '=' i — 1 

for binary electrolytes; where i — a represents the 
fraction of the molecules which are left in the undis- 
sociated state, and 2a gives the amount of ions 
formed from each decomposing molecule, a. being the 
degree of dissociation. The experimental value of / 
is readily determined from the true molecular depres- 
sion and that found, i.e., for water 

molecular depression found 

t = % . 

18.9 

This term 18.9 is the value of K for the solvent used. 
An example of the method as used to determine 



124 ELEMENTS OF PHYSICAL CHEMISTRY, 

molecular weight and the dissociation will make the 
calculation clear. 

A solution of 0.681 gram of acetic acid (which is 
very slightly dissociated) in 100 grams of water causes 
a depression of 0^.2168. What is the molecular 
weight of acetic acid ? 

AT = 18.9, ^=0.681, (7=100, J = o^2I68; 

hence 

0-68I 

while CH.COOH = 60. 

A 0.0107 normal solution of KOH gives a depres- 
sion of 0^.0388. Find the degree of dissociation. 

Since i mol in 100 grams of water causes a depres- 
sion of 18^.9, I mol in 1000 grams would cause one of 
1^.89. Our molecular depression is then 

0-0388 ^ , , . 3.6261 

-— = 3.6261, and t = — 5 — = 1.91Q. 

0.0107 ^ 1.89 ^ ^ 

a^i — I = 1. 919 — I = 0.919, or the KOH is 
91.9^ dissociated. 

The apparatus for the determination of the freezing- 
point was devised by Beckmann and is shown in Fig. 
12. In the freezing-tube-^ the solvent (15-30 cc.) 
is introduced and a freezing- mixture (ice and salt) is 
placed in C. The temperature is allowed to fall 
until the liquid is overcooled i or 2 degrees; then it 
is stirred, ice forms, and the thermometer rises to 
the true freezing-point and remains constant. The 
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cause of the rise in temperature is the sudden forma- 
tion of ice, which gives up heat to the liquid. B is a 
tube which acts as an air-bath and causes the cooling 
to take place more evenly. After the freezing-point 
of the pure solvent is determined the solution is Intro- 




duced and the process repeated. Or the solution may 
be made in the tube by dropping a weighed amount 
of solute into the known amount of the solvent. 

The result will only be correct when the ice which 
separates is the pure solvent. 



126 ELEMENTS OF PHYSICAL CHEMISTRY, 

One point to be kept in mind is that the freezing- 
point thus determined is of a solution which is more 
concentrated than the one started with, for some of 
the solvent has been removed by the freezing. This 
follows from the fact that the freezing-point is that 
temperature at which ice and solution exist together 
in equilibrium. The concentration of the solution 
due to the separation of ice may be calculated from 
the overcooling, for it has been found for water that 
for each degree of overcooling 12.5 grams of water 
separate from each liter. Each degree of overcooling 
causes thus the solution to be 1/80 more concentrated 
than the original one. If the solution is dilute, we 
may by a proportion find the freezing-point of the 
original solution. Thus if the overcooling is 1°, the 
depression of the freezing-point o. i, and v represents 
the volume of solution, we have 

v\{v — 1/80) : : o**. I : x^ 

where x gives us the desired value. 

In general for all liquids the amount of solid sepa- 
rated by an overcooling may be found from the ex- 

Sti 

pression —r^ where s is the specific heat of the liquid, 

u the number of degrees of overcooling, and / the 
latent heat of fusion. 

The osmotic pressure may be found directly from 
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the depression of the freezing-point just as from the 
increase in the boiling-point, by substituting in (39) the 

value of — -7 — in terms of depression of the freezing- 

p—/ dp IdT . , 
point. The relation — -7 — = —— = —^ is the gen- 
eral relation between vapor-pressure and temperature 
and holds for either the depression of the freezing- 
point or the increase of the boiling-point except that 
/ is latent heat of fusion in one case and of evapora- 
tion in the other. We have then (39) in the form 



Rswt 

P = -; — rr-57^ atmospheres, 

1033 X 2 X 7^ ^ 



where w is the heat of fusion, since t^ = ^> and t is 

the depression of the freezing-point, 7" being the tem- 
perature of the process. 

If we determine the freezing-point of a solution and 
then add to it a substance which unites with the one 
already in solution, thus keeping the number of mols 
the same, the new freezing-point will not differ from 
the original one. This method can be used to find 
the number of mols of each substance uniting to form 
the new one, for we know the original number and 
the new depression will show how many are present 
after uniting. 
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If the ice which separates contains solid substance, 
the freezing-point of the solution will be different 
from that of the solvent itself, this one of course 
being the point at which the solid solution of ice and 
substance separates. For such a case, of course, 
the law of the depression of the freezing-point does 
not hold. 

39. Division of a substance between two non- 
miscible solvents. Depressed solubility. — If a 
water solution of succinic acid is shaken with ether, 
the acid is divided between the two solvents in 
such a way that there is always a certain ratio 
between the two amounts, independent of the 
relative amounts of the two solvents. Table V 
shows this. 







Table V. 






H,0 (i). 


Ether (2). 


In H,0 (3). 


In Ether (4). 


Coefficient (5). 


• 
70 cc. 


30 cc. 


43.4 


7.1 


6 almost 


49 cc. 


49 cc. 


43-8 


7.4 


6 " 


28 cc. 


55.5 cc. 


47.4 


7.9 


6 exact 



Columns 3 and 4 give the number of cc. of a 
Ba(OH), solution which is necessary to neutralize 
100 cc. of the solutions. The coefficient of partition 
depends in absolute value upon the temperature and 
the dilution of the water solution. For decreased 
temperature and concentration the constant de- 
creases. 
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If there dre two or more substances in solution the 
coefficients of partition are the same as if each substance 
were present alone. 

The solvent behaves here with respect to the sub- 
stance dissolved just as it would to a gas, i.e., 
between the two parts (liquid and solution) there is 
a certain coefficient of absorption — the concentration 
of substance acting the same as the pressure of the 
gas, and the temperature having the same influence in 
both cases. 

If one solvent is soluble in another the amount of 
the one dissolved will depend upon its state, i.e., 
whether it is pure or contains a substance in solution. 
Just as with solids, we have for liquids a certain solu- 
tion-pressure, i.e., a force which causes it to dissolve. 
In the same way that the vapor-pressure is depressed 
by the addition of a substance, so is the solubility of 
one liquid in another. This follows from the analogy 
between gases and substances in solution. If / is the 
solubility oi A^ i.e., the amount of -^ in the unit of 
volume of By and /' is the solubility of the same after 
an addition of substance to Ay then in analogy to 



we have 



p 


-p' 


n 




p' 


~ N 


l_ 


-I' 

I' 


n 

- N' 



where N is the number of mols of solvent A and n 
the number of solute in A. 
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This was first deduced by Nernst, who used the 
formula as a method for the determination of the 
molecular weight. 

If an excess of ether is agitated with water and the 
freezing-point of the mixture determined it is found 
to be lower than that for pure water. If the ether 
contains an amount of substance which is insoluble in 
water, then its solubility in water will be decreased, 
and the freezing-point of the mixture will be higher 
than before. If t is the freezing-point of the water 
solution of pure ether, and /' is that of a saturated 
solution of ether plus substance in water, then / and 
/' can be substituted for / and /'. We have then 



k'\7~l ■" A^ ■" W/M' 



or 

where m is the molecular weight of the substance dis- 
solved in ether, w is the weight dissolved, M is the 
molecular weight of ether, W is its actual weight be- 
fore mixing with water, and ^ is a constant for each 
solvent used. It is determined from the heat of solu- 
tion of the ether, the depression of the solubility of 
ether containing i mol of substance in solution, and 
the heat of fusion of water. For ether as a solvent 
k' = 0.93. 

Table VI gives a few results of this method. The 
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benzene and naphthalene are the substances which in 
each case are dissolved in the ether. 

Table VI. ^ = 0.93 

Substance. w t' iM(cal.) jm (found) 

Benzene 2.04 0.080 78 77 

5.87 0.219 78 82 

Naphthalene .. 3.42 0.082 128 128 

/ in all cases is equal to — 3**. 85, i.e., the freezing- 
point of a saturated solution of ether in water. The 
solution of substance in ether here is slightly increased 
in concentration, owing to the separation of the ether 
with the ice, but, as very strong ethereal solutions are 
rarely used, it has but little influence. Other sub- 
stances than ether may also be used with water, the 
constant k of course being different for each one. Other 
results and the calculation of the value of k which 
transforms freezing-point results into those of solu- 
bility must be sought in the original paper. 



CHAPTER VI. 
THERMOCHEMISTRY. 

40. Definition. — Thermochemistry is the subject which 
treats of the connection between chemical and thermal 
processes. 

Since almost every chemical process is accompanied 
by temperature changes, and is more or less influenced 
by them, this subject becomes of great importance. 

If a substance is changed from one state into 
another in such a way that all difference in energy 
appears in one form as heat, for example, then this 
amount, when determined, is proportional to the dif- 
ference of chemical energy in the two states. 

41. Applications of the principle of the conserva- 
tion of energy. — Hess was the first to apply this prin- 
ciple to thermochemistry. In 1840 he announced the 
law that the amount of heat generated by a chemical 
reaction is the same whether it takes place all at once or 
in steps. In other words, all transformations from the 
same original state to the same final state liberate the 
same amount of heat ^ irrespective of the process by which 

the final state is reached. The heat liberated in a 

132 
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reaction, then, depends only upon the final and initial 
states. This was entirely the result of experiment on 
the part of Hess, who did not consider it as self- 
evident. 

Upon this law the whole subject of thermochemistry 
is based, for by it it is possible to find indirectly the 
heat liberated or absorbed by any reaction. This is 
true even though it is not possible to carry out the 
reaction in practice. We have simply to consider the 
process as a part or a sum of others which have been 
measured; then by the addition of the equations all 
undesired substances may be caused to disappear, and 
finally the desired reaction is found. Thus, for ex- 
ample, to find the heat of combustion of carbon with 
oxygen to form carbon monoxide, a reaction which 
cannot be measured directly, we use the two known 
reactions 

C + 20 = CO, + 97oAr 

and 

C0+0== CO, + 68oA:. 

Here the same final product is obtained by each, so 
that by changing the sign of the second and adding 
the two we find 

C + (9 = CO + 29oAr; 

i.e., 290 Ostwald calories {K^ are liberated. This 
term K is the heat which is necessary to raise the 
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temperature of i cc. of water from o to lOO** C. It 
is related to the other two calories in the following 
way: 

Ar= icx> cals. (i.e., i cc. H,0 i** C); 
ioAr= I Cal. (i.e., i kg. of H,0 i** C). 

In all reactions we shall distinguish the state of 
aggregation according to the system proposed by 
Ostwald, in which for liquids light characters are used, 
for solids heavy ones, and for gases italics. 

In considering substances in solution it is necessary 
to know the heat which is liberated by this process. 
This is called the heat of solution. For different 
amounts of water of course this will vary, so that for 
uniformity the heat of solution is always understood 
to be the heat (positive or negative) which is liberated 
by the solution of i mol in so much water that an 
addition ot more water will give no additional heat 
effect. This is designated by the addition of the 
abbreviation Aq (aqua) to the symbol of the sub- 
stance. It is always to be remembered, however, that 
an isolated Aq in an equation will not cancel with an 
H,0, which refers to i8 grams of water. 

Another example of the determination, by the proc- 
ess of elimination, of the heat liberated by a reaction 
is taken from the work of Thomsen. His object was 
to find the heat of formation of SeO,Aq, i.e., the heat 
generated when SeO, is formed from its elements and 
dissolved in a large amount of water. He found 



THERMO CHE MIS TRY, 135 

SeO. + 2HClAq + 2NaHSAq 

= 2NaClAq + 2H,0 + 8e + 28 + 734^:; 

2NaOHAq + 2HCIAq = 2NaClAq + 275^(-) ; 

2NaOHAq + 2H^S = 2NaHSAq + 2t^oK\ 

aH+ 2(9 = 2H.O + i367Ar(-) ; 
4/r+28 =2^,5 + 94^. 

By adding these equations, with the sign changed as 
indicated, it follows that 

8e + 2O + Aq = SeO,Aq + 564^:. 

The process consists, then, in combining a number 
of measured reactions in such a way that the final one 
is obtained. 

42. The heat of formation. — If the heats of forma- 
tion of the substances from their elements are known, 
then it is simpler to substitute these in a reaction and 
solve for the unknown term. This saves the trouble 
of eliminating from a large number of equations. 

If in a reaction we imagine all substances to be 
decomposed into their elements before the reaction 
begins, then the final result of the reaction, after both 
sides are in the final state, will naturally be the differ- 
ence in the sums of the heats of formation on the two 
sides. We have, then, the rule: To find the heat liber- 
ated by a reaction it is simply necessary to subtract the 
sufH of the heats of formation of the original substances 
from that of those of the final substances y the heat of 
formation of elements being counted as zero. 
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Since, in the reaction, 

Pb + 2/ = Pbl, + 398Ar, 
o = Pbl, + 398/ir, 

or 

Pbl. = - z^%K, 

we can substitute for the chemical symbols in an equa^ 
tion the negative values of the heats of formation and 
solve for the unknown term. 

Examples, — Find the change in heat energy caused 
by the decomposition of MgCI, by Na. We have 

MgCI. + 2Na = 2NaCI + Mg + xK. 

The heat of formation of MgCI, = \^\oK^ and that of 
NaCl = 1954-S', or 2NaCl = 3908 AT; hence 

— 1510= — 3908+ at; 

What is the heat of formation of KMn04?* We 
have the reaction 

2KMnO,Aq + sSnCl^HClAq = sSnCl.Aq + 2KClAq 

+ 2MnCl,Aq -f 8H,0 + 3867^:, 

or, substituting the negative values of the heats of 
formation, we obtain 

2x — 4057 — 6290 

= — 7859 — 2023 — 2500 — 5469 + 3867 ; 
Jhence 

X = 1818X 
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To do this by the method of elimination would take 
a large number of equations and not be nearly as easily 
obtained. 

The heat of formation of organic compounds can be 
found from the heats of combustion in oxygen. If the 
elements remain behind in the uncombined state* the 
negative value of the one would give the other. The 
elements, ho\yever, unite to form HjO, CO,, etc., so 
that the heats of formation of these must be subtracted 
from the heat measured to obtain the true value of the 
formation from the elements. 

43. Chemical changes at a constant volume.— 
By the first principle of thermodynamics, equation 
(13), if the volume remains constant the term/^P^dis- 
appears, and we have 

d[/ = dQ (constant V). 

By integration this becomes 

where f/, refers to the internal energy in the initial 
state and £/, to that in the final state. We have then 

i.e., the intrinsic energy in one state is equal to that 
in the other plus the amount of heat generated by the 
change. The chemical symbols which we use in such 
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cases express, in addition to the ordinary chemical 
meaning, the intrinsic energy of i mol. 

44. Chemical changes at a constant pressure.— 

If the volume changes during the reaction, i.e., if a 
gas is formed, then we may no longer neglect the term 
pdV in equation (13) for the external work of expan- 
sion absorbs heat. 

This term may be neglected in all cases where no 
gas is formed, simply because the correction is very 
small as compared with the heat of the reaction. 
Thus, for example, we will calculate the correction to 
be used for an increase of volume equal to i cc. Here 
dV^ I and/ = 1033 grams and/^F' = 1033 gr.-cms., 
which is equal to 

1033 

= 0.02439 cal. or o.ooo2439A^. 



42355 

If I mol of base is mixed with i mol of acid 137A!' 
are generated, and the volume increase is equal to 
20 cc. The correction to be applied here is 

20 X 0.0002439^^ = 0.004878^^, 

which is so small compared to 137-^ that it may be 
neglected. 

When a gas is formed the increase of volume may 
become very large ; consequently it is necessary to use 
the correction. We have, equation (13), 

dU = dQ - pdV, 
or integrated 



THERMOCHEMISTR Y. 1 39 

or 

For I mol of gas, however, 

pV=zRT=2TcdL\s. or 0.02 TK; 
hence 

U,=z U,+ Q^^o.02TK; 

i.e., in any reaction, for each mol of gas formed^ at the 
absolute temperature T under constant pressure, the in^ 
trinsic energy of the substance is decreased by 0.02TK. 

In the case of the absorption of the gas the intrinsic 
energy is increased by this amount. 

Thus if I mol of gas is formed by a reaction at 
18° C. the amount of heat used for its formation is 

0.02 X (273** + 18) = 5.82Ar. 

At any one temperature this is independent of the 
pressure /. 

Under constant pressure the symbols, in addition to 
the chemical significance, mean also the intrinsic 
energy plus the term /Z' for i mol. This term /f^ 
may be either positive or negative according as the 
gas is absorbed or formed. 

45. Relation between results fpr constant vol- 
ume and constant pressure. — We have for constant 
volume 

a = £^. - u,, 

and for constant pressure 

a = (i^.-i^,) + 0.02 TViT; 
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hence 

0^= 0^+0.02 TAT 
and 

In this way it is possible to make ail our determina- 
tions for constant volume and then calculate the result 
to constant pressure. This latter is the more useful 
term, for all our reactions take place in that way 
under atmospheric pressure. The former, however, 
is that usually determined in the bomb-calorimeter. 
An example of the calculation from one condition to 
the other is given below. Find from the reaction 

H, -f O = H,0 + 674.84^: at 18** const, vol., 

the heat generated if the reaction takes place under a 
constant pressure. By the reaction i mol of hydrogen 
disappears with 1/2 of a mol of oxygen ; consequently 
the heat under constant pressure will be larger than 
that for constant volume by the amount 0.02 TK for 
each mol which disappears. We have 

1.5(0.02 X 291)^'= 8.73, 

which is to be added to the result above. We obtain 

674.84 + 8.73 = 683.57i5r for const, pressure at 18° C. 

46. Effect of temperature. — The variation of the 
heat energy with the temperature can be derived in 
the following manner: \i M is the molecular weight 
of the substance m^ whose specific heat is Cy then 
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If 

represents any chemical reaction, where m' and m" zxt. 
the two reacting substances and m is the product, we 
can find Q for any other temperature by the aid of 
the former equation. Thus at the temperature /" we 
shall have 

or 

wV)+ ^V)= ^(/'0 + G,+(^V+^V'-M:)(/"-/') ; 

i.e., since the terms M'c\ M"c'\ and Mc are the mo- 
lecular heats, the heat energy for any temperature t" can 
be obtained from that observed at t' by adding to it the 
product of the difference of the molecular heats before 
and after the reaction into the difference in temperature. 
This relation can also be derived by such a process 
as we used to derive the variation of the heat of 
fusion with the temperature. We have then 

i.e., the change for 1° and of course for /** /(^oriu. — ^finai) 

or / (iWiTorig. -^'^final). 

47. The ions in thermal reactions. — If tzvo salt 
solutions which are nearly completely dissociated are 
mixedy no change of heat takes place provided that the 
ions do not unite to form molecules. 

This is the law of the thermoneutrality of salt solu- 
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tionsy which was first observed by Hess. At the time 
of its discovery the theory of solution had not arisen 
and consequently some difficulty was experienced in 
explaining it. According to our present conception 
of ions, however, it is quite simple. Since there is no 
union between the ions, i.e., these exist free just as 
they were, there is no reason why a change of heat 
should take place. 

If the ions of two solutions unite to form undis- 
sociated molecules, then, for a definite amount of un- 
dissociated substance formed, we have a certain 
amount of heat liberated. This is the case in the 
neutralization of any base by any acid ; the amount of 
heat evolved depends upon the number of ions which 
are free in the acid, base, and salt formed. If the 
acid, base, and salt are completely dissociated, then 
for I mol of acid and i mol of base we observe an 
amount of heat liberated which is equal to 1^7 K. 
This is caused by the union of a sufficient number of 

ions of H and OH to form i mol of water, and is the 

heat of association of the ions of H and OH of water. 

We have, here, since to the liter only o.8 x lO"^ 

+ 
mols of H can exist with an equal amount of OH, a 

union of H and OH to form undissociated water. Thus, 

H + Ci + K + OH = H.O + K + cl 4- 13775:, 
or 

H + OH = H,0+ 117K. 
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If the acid and base are not completely dissociated 
the result will be smaller, because heat is absorbed by 
the further dissociation of these. In general, we shall 
have, then, if the salt is not completely dissociated. 
I.e., if more heat is liberated by its undissociated 
product being formed, 

where 

a, = dissociation of acid, w^ = its heat of dissociation. 
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X = heat of association of i mol of H ions with 
I mol of OH ions to form i mol of H,0; 

I.e., tAe heat generated by the neutralization of an acid 
by a base is equal, for each mol of water formed, to 
ijyK plus the product of the heat of dissociation of the 
salt into the undissociated portion minus the same 
products for the acid and base. 

Naturally the negative value of the heat of associa- 

+ - 

tion of H and OH ions is the heat of dissociation of 

water, i.e., the heat necessary to form i mol of H 

and I mol of OH ions, from water. 

If a precipitate is formed by two practically com- 
pletely dissociated salts the negative value of the heat 
liberated is the heat of solution of the solid. Thus 
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ifgAq + NO.Aq + iJaAq + ClAq 

• = AgClAq + NaAq + Nb.Aq -f- 158^^ 
or 

AgAq + ClAq = AgClAq + isSAT; 

i.e., when i mol of AgCl goes into solution the heat 

+ 
generated is equal to — 15 SAT, or when i mol of Ag 

ions unite with i mol of CI ions, to form i mol of 
AgCl, isSAT are liberated. 



CHAPTER VII. 
CHEMICAL CHANGE. 

A. Equilibrium. 

48. Reversible reactions. — If we bring a number 
of reacting substances together in a chemical system, 
then after a sufficient length of time the reaction will 
reach an end. 

To represent any chemical reaction we may use the 
equation 

Here n^ molecules of ^„ «, of A^^ «, of A^^ etc., unite 
to form n/ molecules of Ai\ «/ of A^\ «/ of A^\ etc. 
When these substances can remain together for an 
indefinite length of time without the reaction going 
in either direction they are in chemical equilibrium. 

Reactions which go from left to right when we 
start with the substances A^^ A^, etc., and from right 
to left when we start with y4/, A^ etc., are called 
reversible or reciprocal reactionSy provided that in each 
case, when we start with equivalent amounts, the final 
equilibrium is the same for both directions. 

145 
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An excellent example of such a reaction is 



QH.OH + cH.cooH ;;;!; ch.cooqh. + h,o. 

Alcohol. Acetic Acid. Ethyl Acetate. Water. 

If we start from the right side we obtain a certain 
definite amount of those on left and vice versa, which 

is shown by the sign ^. For example, i mol (46 

grams) of alcohol plus i mol (60 grams) of acetic acid, 
or I mol (88 grams) of ethyl acetate plus i mol (18 
grams) of water, will always give the same final state, 
in which we have 

« 

1/3 mol alcohol + i/3 mol acetic acid 

+ 2/3 mol ethyl acetate + 2/3 mol water. 

49. The law of mass action. — The first theory of 
chemical action was that proposed by Bergmann in 
1775. By this the value of chemical affinity can be 
expressed by a certain number; when the affinity of 
the substance A for the substance B is greater than 
that for the substance C, then the latter will be com- 
pletely separated from its companion A^ according to 
the equation 

This theory was found later, by experiment, to be 
untrue, for it left out of consideration the important 
factor the mass. 

Subsequent work culminated in 1864 in the law of 
mass action as announced by Guldberg and Waage. 
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By it all chemical action is proportional to the active 
masses of the substances present at any time^ i.e., to the 
amounts present in the unit of volume. The exact 
meaning of this law is best grasped by considering the 
process of reasoning by which it was developed. If 
two substances which are capable of reaction are 
together in a system, for example, 



A-^B^A' ^B\ 



then A and B will only be transformed into A' and 
B' when the molecules of A and B come together at 
one point. The greater the number of collisions the 
moie rapidly the molecules -^' and -ff' will be formed, 
and the greater will be the chemical force of the reac- 
tion. The number of collisions, however, is propor- 
tional to the number of molecules; hence the chemical 
force is proportional to the masses of the substances. 

In order to obtain a mathematical expression of this 
law we proceed as follows: Designate the number of 
molecules of A and B in the unit of volume by ^, and 
c^\ the frequency of collision of the molecules A and 
B will then be proportional to the product r,^„ since 
if one is absent the chemical force will be zero. 

Different substances will form different amounts of 
product for each collision, this influence Guldbergand 
Waage summed up in the factor k. For any one con- 
stant temperature this factor will remain constant for 
any one reaction. The cheniical force or, what is pro- 
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portional to it, the velocity of the change from A and 
B^o A' and B' will be then 

"W hen the reaction is reversible, however, a counter 
chemical force is present, i.e., to form A and B from 

A' and B' \ this is equal to 

v' = Jk'cX\ 

When equilibrium is established there is no change 
in either direction, or, what is the same thing, the 
change in one direction is equal to that in the other; 
hence for equilibrium we have the condition 

or 
i.e., 

where K is the constant of equilibrium. This is 
constant for any one reaction at any one temperature 
and varies with the latter, k and k' cannot be deter- 
mined absolutely, while K, which is simply a ratio, 
can be. This formula holds only for a simple reac- 
tion, such as 

A-\-B'^A' -\-B'. 
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We may generalize it, however, so that it will hold for 
any one. In the case of a reaction of the form 

n,A, + n^A^ + . . . = «/^/ + n^A; + . . . 

«j ,«,,.. . represent the number of molecules which 
must come together at one point in order that the 
product be formed. It is necessary, then, for us to 
use these terms in Kc^c^ = c^c^ as exponents of the 
terms ^j, r,, ^/, ^r/, which represent the number of 
mols per liter of each substance. When n molecules 
are needed, then each one must be treated as in the 
case of a simple reaction. 

An example will show the necessity of this. If we 
have the reaction 2A^ -j-^, = ^/, then it is necessary 
for two molecules of A^ to come in contact with one 
of A^. We have then the frequency of collision to 
form A' proportional to c^c^c^^ or 

The chemical force will be proportional to the 
number of collisions, and this can only be expressed 
in the form v =^ kc^c^c^= kc*c^^ for that is the only 
form giving the velocity equal to zero when less than 
two molecules of the element take part in the collision. 

In general we have then 

(41) Kc^'k;'-^ ~ ^/"^V/"*', 

or 

(42) Ar= .^i-A_. 
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i.e., when a system is in equilibrium the ratio between 
the product of the concentrations of the final bodies^ 
each raised to a power equal to the number of molecules 
reacting^ and the corresponding product for the initial 
substances^ is constant for any one temperature. This 
is the law of mass action as applied to the state of 
equilibrium. 

This relation at equilibrium may also be derived 
mathematically. In the system 

n^A^ + n^A^ = «/^/ + n^A^ 

we imagine the bodies A^ and A^ from the constant 
external pressure /, to be placed in the system at the 
pressure /j and/,, and the products A^ and A^ to be 
removed as fast as they are formed from the pressures 
pi and // to the constant external pressure p^. This 
operation is to be reversible and isothermal. The 
work of driving n mols of Ay^ into the system will then 

A Px 

be nRTi- \ but as A is constant, —will be propor- 

tional to the concentration r, , so that we may use the 
form n^RTlc, For the removal of «/ mols of A^ we 

P' 
have — n^ RTl-j- = — n^RTlc^ ; hence the total work 

will be equal to W^ i.e., 

. W= RT{nJc, + «A - n:ic: - «.7^,0 = RTl^^^,. 

As the process is reversible and isothermal, the 
work will depend only upon the initial and final states, 
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which will vary only with the temperature ; hence W 
is a constant and we have 

c '^x'c '*«' 
J\. — z — r — • 

50. Equilibrium between gases. — In gases, since 
the partial pressures are proportional to the number 
of molecules, we may use the former in (42) instead 
of the latter. We have, then, for the equilibrium of 
a gaseous chemical system 

where K is different in value from the one deter- 
mined, using concentrations, but still a constant. 
An example of this is given by the gaseous reaction 

H, + I. = 2HI. 

If the partial pressure of H is/j, that of I /, , and 
that of HI/, then 

This case was investigated by Bodenstein, who found 
by experiment that at a temperature of boiling sulphur 

Ar= 0.01984. 
If wc heat HI, then, to this temperature, it is possi- 
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ble to calculate from the amount of HI the amounts of 
H and I gas present at equilibrium. 

The total pressure of a mixture of gases is equal to 

where the terms on the right are the partial pressures. 
If H and I are present in the free state at the partial 
pressures a and b and we wish to find what proportion 
of H unites to form HI, we proceed as follows: Let 
z represent this proportion, then after combination 
we shall have for the pressure of HI 

Phi = 22 .a, 

for H uncombined 

P„ = {i - z)a, 
for I uncombined 

and for K 

i|^_ (i — zyib- az) 
■" {2zay 

and since K^ a^ and b are known we can solve for z. 
If in the system H, + I, = 2HI the pressure is in- 
creased so that the volume is reduced to the ;rth part 
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of what it was, then each partial pressure is increased 
to X times its previous value and we have 

i.e., ttu state of equilibrium of H ^ /, and HI gases is 
independent of the external pressure. This is general 
in all cases when there is no change in the number of 
molecules during the reaction. 

That this is so was proven by Lemoine, who found 
by experiment that the equilibrium constant was the 
same for all pressures from 0.2 to 4.5 atmospheres. 

51. Dissociation of gases. — The general scheme 
according to which this takes place is 

Here, in contrast to the previous case, there is a change 
in the number of molecules; hence the equilibrium 
depends upon the external pressure. If/ is the par- 
tial pressure of A, the undissociated portion,// that 
of the product -^/, and/,' that of A^, then 

^ — J~' 

where K is the constant of dissociation. 

With increasing dissociation the number of mole- 
cules in the system increases, so that, as mentioned 
already, the external pressure has a great influence. 
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Friedel found by experiment that for gases which 
are almost completely dissociated the undissociated por- 
tion is proportional to the external pressure. 

As mentioned under gaseous dissociation, the addi- 
tion of an indifferent gas to a dissociating gas does 
not alter the dissociation. This, however, is only 
true when no change of volume takes place by the 
mixture, for when the volume increases naturally 
the gas acts as a diluent, and the increase of dis- 
sociation will be independent of the nature of the gas 
added. 

An example of dissociation is the decomposition of 
CO, by heat into O and CO. We have 

2CO, = O, + 2CO. 

\{ p IS the partial pressure of the CO, , /, that of the 
O, and /, that of the CO, then 



P 



If we only know that a certain proportion of the 
substance is dissociated, then if we know the total 
pressure, it is possible to calculate K. Thus if a is 
the degree of dissociation of the CO,, we have 

2CO, = 2(1 - a)CO. + «0, + 2«CO; 
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and since/, the total pressure, is equal to the sum of 
the partial pressures, these can be calculated, for the 
amount of each divided by the amount of all will 
give us the relation of partial pressure to total 
pressure. 

If one of the products of the dissociation be added 
to the system to the pressure y^ then 

A A' 



K 



k> > 



in which 



/, becomes/, ■\- y — z, 

p: " (A - 2s)% 



and we have 



K 






So that, knowing K, /, , /, , and /, we can find the 
effect of the addition of any amount of one of the 
products of dissociation upon the equilibrium. 

It is quite common also for polyatomic molecules 
to dissociate by heat into others with fewer atoms. 
Riecke found, for example, that the molecules of S 
given off by evaporation are of the form Sg. These 
dissociate according to the scheme 



^B^-aCi" ^» I ^f* 
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These S, molecules when alone then dissociate into 
the diatomic molecules, i.e.. 

In the vapor of sulfur we have, then, molecules in 
the forms S„ S,, and S,, in which the number of the 
latter increases by decreased temperature and press- 
ure, at the cost of the former. 

For the two equations given we have 

^.=^' and Ar.=^', 

where /» refers to S„ p^ to S„ and /, to S„ K^ being 
the constant for S, and AT, that for S,. 

52. Equilibrium in liquid systems. — The reaction 

CH.COOH + C.H,OH ^CH.COOQH, + H.O, 

as already observed, reaches the state of equilibrium 
when we have present 1/3 mol acid + 1/3 mol 
alcohol + 2/3 mol ester + 2/3 mol water, provided 
we start with i mol of each of the two constituents 
(either acid and alcohol or ester and water). 

This I'eaction goes very slowly at ordinary tempera- 
tures, but when it reaches the above final state it 
remains in it indefinitely. If we designate by v the 
volume of the system, and start with i mol of acid, 
m mols of alcohol, and n mols of ester (or water), then 
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in the state of equilibrium, after x mols of alcohol 
have been decomposed, we shall have 

alcohol = mols per liter ; 

acid = " " " 

V 



X ln-\'x\ 
ester = — or I — --r J 

V \ V I 



u « it 



hence 



water = — =— or ' - ' " " " 

V 



k{i — x){m — ;r) = k'{n + x)x. 



In the special case of equilibrium above, however, 
w = I, « = o, ;r = 2/3 ; hence 

9"" 9 
or 

K-y-4. 

By substituting this value for p in the general equa- 
tion above and solving it for x we find 
x= i/6[4(/«+i)+«-i^i6(;«"-w+i)+8«(w+i)+«"], 
which becomes for « = o 



X = 2/^{m + I — Vm^ — w + i), 

which is the value for x at equilibrium when we start 
from I mol of acid and m mols of alcohol. 
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This has been proven by experiment with very 
satisfactory results. It was also found that by using 
a large amount of acetic acid to a small amount of 
alcohol, or vice versa^ the formation of ester and water 
is almost complete. In the same way a large amount 
of water upon a small quantity of ester causes the 
latter to be almost entirely transformed. 

Amylene in contact with acid forms an ester, ac- 
cording to the equation 

CH.COOH + QH„ ^ CH.COO(QH„). 

If X is the amount of ester formed when equilibrium is 
established, v is the volume of the system, and i mol 
of acid is used for a mols of amylene, then 

= amount of amylene left ; 



V 
\ — X 



V 



" acid 



a 



hence 



X 

— = " " ester formed ; 

V 



v^ V ' 



i = Ar = 



The value for K in this case has also been determined 
experimentally. It was found that 

Ar= 0.001205. 
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Since the volume v is still in the equation, it is not 
possible to cause the reaction to go completely in 
either direction, as was the case with acid and alcohol. 
53. Dissociation of double molecules. — Nernst has 
proven that the law of mass action is followed in the 
case of the decomposition of double molecules in 
solution. If c is the concentration of the double 
molecules and c^ that of the two single molecules 
produced from it, then 

Kc = c^. 

Or if V is the volume of liquid and a the degree of 
dissociation, then 

= amount of undissociateo portion ; 



V 

a 

V 

a 

V 



« 



« 



" one dissociation product ; 

" the other dissociation product ; 



and 



K 






or 



Ar= 



a" 



(i — flf)^' 

54. Solid solutions. — Van't Hoff found that when 
finely powdered BaCO and Na,SO are shaken to- 
gether they react until %oi of the BaCO, is trans- 
formed into BaSO,. Also when dry BaSO, and dry 
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Na,CO, are shaken together 20^ of the BaSO^ is 
transformed into BaCO,. This seems to be a regular 
state of equilibrium, and the reaction is hastened by 
high pressure. Roberts-Austen finds that at 251° 
gold diffuses into lead with a velocity of 0.023 cm. a 
day; at 18°, after four years, it had diffused only 
7 mm., showing how dependent this reaction is upon 
the temperature. 

55. Ions and the law of mass action. — Previous to 
the work by Nernst upon the dissociation of double 
molecules into simpler ones, Ostwald proved that the 
law of mass action holds for dissociating organic acids. 
The reaction is analogous to that already given, and 
we have the Ostwald dilution law. 



(i - «)F' 

where ot is the degree of ionization, V the volume in 
liters in which i mol of substance is dissolved, and K 
is the ionization constant^ dissociation constant^ or co- 
efficient of affinity. The latter name was given to AT by 
Ostwald from the fact that it determines the strength 
of the acid in that the larger the value of K the 
stronger is the acid. When K is known for any acid 
at any temperature, «, the degree of ionization may 
be calculated from it by the formula 



« = V 



K*V* KV 
KV + 



4 2 

From his results Oswald formulated a general law 



CHEMICAL CHANGE, 



l6t 



as to the affinity of acids, i.e., to the size of the term 
or the number of H ions liberated. 

The substitution of O, CU Br, /, CW, etc. — in short, 
of negative groups — in a molecule increases the separa- 
tion of ions of H in water solution; the addition of 
H, NH^y etc, i,e., positive groups, decreases it; and the 
influence is the greater the nearer {in space) the substi- 
tuted group is to that of carboxyl. Thus 

for CH,COOH iooAr= 0.00180, 
for CCl,COOH iooAr= 121. 

Some other values of K are given in Table VII. 

Table VII. 

IONIZATION CONSTANTS OF ORGANIC ACIDS 25* C. 

Propionic 1.34 

Isobutyric .... 1.44 

Capronic 1.45 

Butyric 1.49 

Valerianic 1. 61 

Acetic 1.80 

Camphoric 2.25 

Anisic 3.20 

Phenylacrylic 3.55 

Succinic 6.65 

Lactic 13.8 

Glycollic 15.2 

Formic 21.4 



Malic 

Fumaric 

Tartaric 

Salicylic 

Orthophthalic . . . 
Monochloracetic • 

Malonic 

Maleic 1170 

Dichloracetin .... 5140 

Oxalic 10060 (±)* 

Trichloracetic... i2iooo(±)* 



^Xxo» 

39.5 
93 
97 
102 

X2I 

158 



Ostwald has shown that K for a mixture of acids is 
not a constant, but varies very greatly with the dilu- 

* These two acids are so largely dissociated that a small error 
in a affects A" to a large degree. For all other acids see Zeit. f. 
pbys. Cbem., III. 411 (1889). 
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tion, SO that the determination of K for different 
dilutions gives a valuable method of ascertaining the 
purity of the acid. 

For largely dissociated salts and acids the law of 
mass action does not hold accurately by experiment, 
i.e. , no constant value for K can be obtained. Whether 
this is due to the inaccuracy of determination of the 
term ot or to some factor in the law of mass action 
which has not been considered is as yet unknown; 
but it is likely that the latter reason is the true one. 
For all organic acids, however, it has been found to 
hold strictly. 

Rudolphi found empirically a dilution law for 
binary electrolytes which does give a constant for salt 
solutions and for those for which Ostwald's law fails. 

This law is 

a" 

; V ,-- = constant, 

(i~«)|/j7 

where the value is approximately the same for analo- 
gous substances. van*t Hoff altered this to the form 

or' 

which holds even better than Rudolphi*s. Simplified 
this relation is 

Y^ = constant, 

i.e., the cube of the concentration of ions {in a binary 
electrolyte^ divided by the square of the undissociated 
portioji is a constant. 

Some values found by use of van*t Hoff's equation 
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are given below. The value of k by the Ostwald dilu- 
tion law will be found to vary considerably, while kjj 
is quite constant, i.e., within the experimental error. 

AgN0.25°. 

F= 16 a — 0.8283 kH^i.ii 

=■ 32 —0.8748 —1. 16 

= 64 =0.8993 =" 1.06 

= 128 = 0.9262 =r: 1.07 

~ 256 — 0.9467 =: 1.08 

= 512 =0.9619 =1.09 

If two solutions have the same degrees of dissocia- 
tion, then the addition of one to another with an ion 
in common will cause no change in the dissociation. 
Acid solutions of which this is true are called isohydric. 
Naturally if two solutions contain the same absolute 

amount of H ions, they are also isohydric at the 
dilution at which this is true. 

If the degree of dissociation of a salt with an ion in 
common with an acid is dy and n is the number 
of mols of salt which are present, then the equation of 
equilibrium of the acid will become 

{nd -[- a)a = KV{l -or). 

For very weak acids we can generalize this as follows : 
a, the degree of dissociation of the acid, is very small 
in presence of the salt, so that a in comparison to I 
and nd may be neglected. Since d for salts is almost 
independent of the dilution, we have 

na = KVy 

KV 
n 
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I.e., the dissociation of a weak acid in presence of one 
of its salts is approximately inversely proportional to 
the amount of the salt. 

The case of the partition of a base between two 
acids depends to a certain extent upon their ioniza- 
tion constants. This partition takes place when there 
is not enough base present to saturate both acids. 
The final mixture consists of water, undissociated salt, 
and the dissociated and undissociated portions of the 
acids. The equilibrium is the same as that which 
would be attained by the mixture of the salt of the 
one acid with the other acid. The affinity of each 
acid for the base will depend upon the number of free 

ions of H which it possesses, i.e., the one containing 
the larger quantity will unite with the larger amount 
of the base. 

For weak acids it is possible to formulate a general 
law regarding the partition and the ionization con- 
stants. In this case a is so small that it may be neg- 
lected in I — a; hence we have 



a = VKV. 
With two acids of the same dilution we should have 



or 
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The coefficient of partition of two acids y then^ is pro- 
portional to the ratio of their degrees of dissociation at 

the given volume ^ or for WEAK acids to — y 

This coefficient of partition is independent of the 
nature of the base and depends only upon the two 
acids. 

For the partition of an acid between two bases the 
coefficient will depend only upon the two bases. If 
a is the degree of dissociation of the one base and a! 
that of the other, we shall have for them when weak, 
just as for acids, 

a __ V'Z" 

a'" y/lC'' 

and the same generalization holds true. 

In order that a base may be divided equally 
between two acids it is necessary that they be iso- 
hydric, i.e., it is necessary that 

Kv = ATV. 

An example of isohydric solutions, i.e., two which 

contain the same amount of H ions, is acetic acid at a 
dilution of 8 liters and hydrochloric acid at one of 667 
liters. These two solutions may be mixed in all pro- 
portions without any change in the dissociation result- 
ing. When mixed in equal proportions, if treated with 
a small amount of base, equal amounts of chloride and 
acetate will be formed. 
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56. Hydrolytic dissociation. — This process arises 
from the reaction between the solute and the solvent, 

the ionized portion of the salt uniting with one or 

-f 

both of the ions of water, H and OH, to form either 

undissociated base or undissociated acid or both. If 

an acid, HA, and a base, BOH, are dissolved in a 

large amount of water, the following reactions may 

take place: 

I. BA = B + A. 
II. HA = H + A. 

III. BOH =B+ OH. 

IV. H.O = H + OH. 

V. BA + H,0 = HA + BOH. 

Equations I to IV inclusive are the ordinary forms 
of ionization. V is the equation of hydrolytic dis- 
sociation. If K^ to K^ are the constants for these 
equations, and the concentrations of the different 
substances are 

BA HA BOH B H A OH, 
1 o J \y% ^1 ^9 ^1 ^» 

where the values of C and c are in molsper liter, then 
the equations pf equilibrium are : 
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I. K^C^ = c^c. • 
II. K^C^ = ^,^/. 

III. K,C^ = c,c,\ 

IV. K, = ^,^/. 

Where the concentration of undissociated water is so 
large that it is assumed to remain constant. 

The terms K^y K,, K^, K^ can be determined. 
Multiplying II by III and dividing by I we obtain 

r c ^ C ^ cc' 



or from IV 



and from V 









\.t,y from the ionization constants for acid, base, salt^ 
and water we can find the constant for the hydrolytic 
dissociation of the salt. 

The process of hydrolytic dissociation takes place 
as follows : The ions of the salt are in contact with 

the small amount of ions of H and OH of the water. 
If the salt is represented by BA, and the base BOH 
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is very slightly ionized, i.e., but a small portion of B 

can exist in presence of OH, then un-ionized BOH 
must form. As this loss disturbs the equilibrium of 
the ions of BA and H,0, more molecules of these 
must ionize. If the acid is one which is largely 

ionized, the ions of H formed from the water, and 

those of A from the salt, will remain in equilibrium 
as ions. We have thus a decomposition of both salt 
and water to form ionized acid and un-ionized base, and 
the process will continue decomposing water and salt 

until the ions of A become so large in concentration 
that they prevent further ionization of BA, or until 
the BA present ha's all been decomposed. 

If the acid is very slightly ionized and the base 

+ — 

largely, then HA will be formed, and B and OH will 

exist as ions. This process will end just as the other, 

except that here the ions B will prevent further ion- 
ization of the salt. In case both BOH and HA are 
very slightly ionized both will be formed in this state 
from the ions. 

Hydrolytic dissociation is very slight in most cases, 
except for salts of very weak acids and bases for 
which, in dilute solutions, it may be complete. 

We see by this that the possibility of a hydrolytic 
dissociation depends upon the relative concentration 
of metal ions in the salt to those of OH in water, or 
upon the number of H ions in the water and those 
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of the negative ions of the salt. In fact it is possible 
from this data to calculate hydrolytic dissociation of a 
salt of a weak acid for any dilution from the equation 



^ (i.oo X 10- 0% 



where K is the dissociation constant of the weak acid, 
the quantity in the numerator being the constant for 
H,0, a the degree of hydrolytic dissociation, and V 
the volume which contains i mol. Thus K X 10" for 
HCN is 13, hence a n/\o solution of KCN is dis- 
sociated to 0.967^ at 25°, as found by solving 



a^ _ (i.09 X IQ-^)* 
(i — «)io "~ 13 X lO"'** 



for c. 

The difference in value of K for water at these two 
temperatures shows how hydrolytic dissociation must 
increase with the temperature. Since bases do not give 
a constant value by Oswald's dilution law, we find the 
term ot in another way. For problems and explanation 
of the formula, see page 209. 

An idea of the amount of hydrolytic dissociation 
in various solutions may be obtained from the follow- 
ing experimental results by Bruner : 
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SnCl4 F = 8 hydrolytic dissociation = complete 

ZnCl, r= lOO '* *' = 35^ 

FeCl, F= 20 *' '* = \<^i 

AlCl, r= 32 *' '* =3^ 

Since the ionization of water increases with the 
temperature the hydrolytic dissociation also increases. 
Thus for AlCl, we have 





Hydrolytic Dissociation. 


V, 


76^8 99^7 


32 


4.72 8.04 


64 


6.09 13.2 



The importance of hydrolytic dissociation is shown 
later, see p. 210. 

57. Equilibrium in non-homogeneous systems. — 
Thus far we have considered only homogeneous sys- 
tems, i.e. those which have the same composition 
throughout. Now, however, it is necessary to con- 
sider those of which this is not true. 

The different chemical substances and physical 
states which make up a non-homogeneous system 
have been called by Gibbs the phases of the system. 
For example, when CaCO, partly dissociates into CaO 
and CO, we have one gaseous phase, CO, , and two solid 
ones, CaO and CaCO,. It has been found that the 
state of equilibrium in a fion-hoinogeneous system is /;/- 



CHEMICAL ClfAA'CE. I7I 

dependent of the amount of each single phase present so 
long as it docs not disappear. 

58. Physical equilibrium. — The simplest form of 
equilibrium is such a one as exists between two states 
of aggregation of the same substance. This is called 
a physical or complete equilibrinm. 

In such an equilibrium the following condition is 
always fulfilled : for any one external pressure (tempera- 
ture) equilibriiini only exists for a certain corresponding 
temperature (pressure). 

Under this pressure at any other temperature one 
phase disappears entirely from the system. 

For example, ice and water under atmospheric 
pressure can only exist together in equilibrium at 
0° C, or water and steam at 100° C. If in the former 
case the temperature is decreased all water becomes 
ice; if increased, all ice becomes water, etc. 

In general all chemical reactions which take place 
isothcTuially in which tlie mass but not the composition 
of the single phases varies are in complete equilibrium. 

59- Gases and solids. — If x\ mols of the solid «,, 
J-, of the solid ((,, etc., be present with n mols of the 
gas A„ «j of the gas A^, etc. , by which x^ mols of the 
solid rt,', .r,' of the solid a,', etc., and n^ mols of the 
gas A^, «,' of the gas A^, etc., are formed, then 

^ x/«,' + .r>,' + ■ ■ ■ + <a: + <a: + . . . 
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Pii P%i • • • > then, since the solids will also be present 
as gases, at least to a slight degree, their partial pres- 
sures will be ?r,, ;r„ . . . , n^\ ;r/, . . . , and, by the law 
of mass action, we have 

kn^'^n^'^ . . . A**A** • - • = ^^/•''V/'*' . . . A'*''A'**' • • • > 

where k and k' are the constants of the two reactions, 
i.e., from left to right and from right to left. 

Since, however, as long as solid is present the terms 
;r„ ;r„ . . . and ;r/, ;r/, . . . , will be the same, 
i.e., the gaseous space will be saturated with gas from 
the solid, the active mass of the solid at any one tern- 
perature^ as far as participation in the chemical reaction 
is concerned^ remains constant. Hence the terms ;r„ 
;r„ . . . and ;r/, ;r/, . . . , drop out of the general 
equation and we have only the gases as factors in the 
equilibrium, i.e., 

or 

ArA*'A*».-.=A'*»'A'''>'..- 

An example of such a complete equilibrium is given 
by 

CaCO, ^ CO, + CaO. 

Here we find 

where n^ and ?r, are the partial pressures of the gases 
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from the solids, and / is that of the CO.. Since n, 
and ff, are constant, we have 

i.e., the equilibrium at any constant temperature 
depends only upon the pressure of the CO, gas. 

In Table VIII the pressures are given under which 
equilibrium exists at different temperatures. 

Table VIIl. 



86s 1333 

This means that CaCO, when heated in a vacuum 
to any temperature gives off CO,, CaCO, and CaO 
until a certain pressure is reached. Thus at 547° a 
pressure of 27 mms, of Hg is produced. 

60. Dissociation of a solid into more than one 
gas. — In this case it takes place isothermally, and so 
we have here also a complete equilibrium. The 
vapor of solid NH.HS shows by its density an almost 
complete dissociation into Nf{, and H,S, 

NH,HS *^ NH, + H,S. 

At 25°. t the gaseous pressure is equal to 501 mms. 
of Hg, i.e., since the partial pressures of the H,S and 
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NH, are the same they are equal to nearly 250.5 
mms. of Hg. Equal only nearly, because this pres- 
sure includes that of the undissociated NH^HS gas. 
Since, however, this is very small, the error is slight. 
\i n is the partial pressure of the NH^HS gas, and/, 
and /, are those of the NH, and H,S, then, by the 
law of mass action, 

Kn = /,/,. 

Since, however, n is constant at any one tempera- 
ture, we have 

K = A A. 
The total pressure, P= 501 mms., is equal by 
Dalton*s law to the sum of the partial pressures ; we 
have, neglecting ;r, 



or 



and 



or 



P 



^=AA=22- 4 



Zr P" (50I)* ^ 

A^ = — = = 62700. 

4 4 



This value K = /,/, may be verified experimentally 
by observing the effect of the addition to the dissoci- 
ating system of one of the products of the dissociation, 
since the product of the partial pressures must always 
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remain constant for constant temperature. Table IX 
gives the results of experiments carried out for this 
purpose. 

Table IX. 



>i(NH,) 


/.(H.S) 


>i>. = K 


208 


294 


61152 


138 


458 


63204 


417 


146; 


60882 


453 


143 


64779 



Average = 62504 

The average of which agrees quite well with the 
value previously found. In each case a certain amount 
of one of the products is added before the solid is 
sublimed, and the total pressure afterward determined. 
It is quite simple then to find the amount of solid 
which has dissociated and thus the total amount of 
each gas present. 

The case of the dissociation of ammonium car- 
bamate is quite similar. We have 



NH.OCONH, r^ 2NH, + CO.; 






I.e., 



But 



hence 



Kn = ///,. 



p p in p 

^' 3 3 9 3 






which was found to hold true by experiment. 
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61. Non-electrolytic dissociation in solution.— 
When a solid goes into solution its action is analogous 
to its transformation into the gaseous state. A sat- 
urated solution, then, in contact with the solid at any 
temperature will still be saturated. We have, then, 
by the law of mass action, for any one temperature 

Kn^c 
or 

where c is the concentration and varies with the tem- 
perature. If the solid in going into solution dis- 
sociates into other molecules, then an addition of one 
of these will cause less substance to dissolve. This 
has been proven by Behrend for a solution of phenan- 
threne picrate in absolute alcohol, in which a decom- 
position into phenanthrene and picric acid takes place 
to a large extent. 

By the law of mass action 

where c = undissociated phenanthrene picrate, c^ = 

free picric acid, and c^ = free phenanthrene — all 

expressed in mols per liter. For any one temperature 

^ must be constant, since the solution is saturated; 

hence 

c^c^ = constant. 

The experiments consisted in the solution of phe- 
nanthrene in a saturated alcoholic solution of picric 
acid. In this way only free phenanthrene (r,) is dis- 
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solved and since c, is known and remains constant, it 
is only necessary to determine c,. The product (f,c,), 
determined in this way under varying conditions, was 
found to be constant. 

It is not possible, however, to work in the other 
way, i.e., to dissolve the substance in a saturated 
alcoholic solution of phenanthrene, for it has been 
observed that this latter polymerizes, if we make 
allowance for the number of complex molecules 
present, and thus find only the number of simple ones, 
then c,c, is found to be constant and the same as 
before. 

62. Electrolytic dissociation or ionization and 
solubility. — If we dissolve a substance which forms 
ions in a solution already containing one of these ions, 
the solubility of the salt is decreased. This process 
is described in Chapter VII, B. 

The effect of the added salt depends upon its dis- 
sociation ; hence we may use this as a method for 
determining a. This was first done by Nernst, who 
deduced the following equations for the purpose. 

Let j«, be the solubility of a salt in pure water (in 
terms normal) and a, be the ionization at this concen- 
tration; then w;„(i — o/^ is the amount of the undts- 
sociated portion, while m^a, is that of each ion. If 
the solubility in the presence of the second electro- 
lyte, the free ion of which has the concentration x, is 
Mand its dissociation a, then, since the solubility of 
the undissociated portion remains constant, 
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m^i — a.) = m(\ — a) 



but 



and 



hence 



by which 



Km(\ — a) = ma{ma + x) ; 



w 






or where m is determined by experiment we can cal- 
culate X by 

;r = = ma. 

ma ma 

63. The effect of temperature upon an incom- 
plete equilibrium. — In the case of complete equilib- 
rium under constant pressure a change in the tempera- 
ture causes one of the phases to disappear entirely. 
In the case of incomplete equilibrium, however, the 
effect is quite different. A very small change in tem- 
perature causes only a very slight change in the equi- 
librium. This causes a corresponding change in the 
relative composition of the reacting constituents, in 
one direction or the other, which just compensates for 
the change which the reaction coefficient has suffered. 

If the volume energy of a system at constant vol- 
ume changes with the temperature the work, in a 
reversible process, is to the amount of heat transferred 
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as the change in temperature is to the absolute tem- 
perature (second principle). The work with the 
volume constant is Vdp, and the heat of the process 
we shall call q\ then 











Vdp 


dT 


















q 


- J,. 










V, 


however, 


remains constant, 


i.e., 


for 


one 


mol 


V: 


RT 


hence 






















dp 


qdT 


















P 


~ RT* 











or 



V, R^ T, Tj ' 



i.e., the ratio of the pressures of a constituent of a 
system at two temperatures which do not differ greatly 
enough to cause q to vary appreciably with T. 

Imagine a system in incomplete equilibrium, for 
example, the three gases 



<-«: 



nh,hs;;:;h,s + nh., 

no solid being present. We have then for the tem- 
perature T^, if/, is the partial pressure of the NH^HS 
gas, />, that of the H,S, and />, that of the NH„ 

^Pi = A A- 
At any other temperature 7", we shall have then 

^'A' = A'A'- 
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According to our equation, we shall have 



and 



hence 






V.' R\7, Tj' 






P^P^ 



'k' aw \p:p:pJ R\T, tJ' 

A' 

i.e., 

(43) IK' -IK= |(^- - -^) ; 

or, using Briggs's logarithms and solving for q, we have 

, , 4.56o(iogAr'-iog7ir)r,7; , . 

(44) q = ^^ — T - T — '~^^ gram-calories. 

This gives us for constant volume the relation 

between the coefficient of reaction K and the absolute 

temperature, q is the heat liberated or absorbed by 

the process during the change in temperature, and is 

T — T 
found for the mean temperature — ^ ^. The 

results for q obtained by the use of (44) are smaller 
naturally than those for constant pressure. Applica- 
tions of this formula to a number of cases follow* 



CHEMICAL CHANGE. l8l 

This relation refers to i mol ; if the substance is dis- 
sociated, then in the derivation /F will not equal RT 
but iRT^ where i is the total number of mols; hence 
the equation will be, when for i we place i + «, 

2(1 + a)^ 7; Tj 

This relation was found by van*t Hoflf. Van Laar 
has deduced in another way a relation for the same 
purpose, which cannot be derived here. It is 

* 

or for Rudolphi's dilution law 



Ik - Ik 



/-.^(3-«)f I 



^r. TJ 



The mean of the results of these two equations ap- 
pears to agree very well with experience. 

Vaporization. — The condition regulating the equi- 
librium between a liquid and its vapor is the concen- 
tration of the latter, which depends upon the tem- 
perature. We have then 



V RT 

Upi and/j refer to the two temperatures T', and T^, 
then (43) becomes 



r, T,~2\T, Tj' 
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Regnault found for water 

^i = 273, p^ = 4.54 mms. of Hg. 

T^ = 273 + 11.54, /, = 10.02 mms. of Hg. 

From which by aid of (44) the heat of evaporation of 
water at constant volume is found for i mol to be 
— lOioo cals. By experiment it is found to be — 10854 
cals. when the volume increases. If we subtract from 

fT + T\ 
this 2I— ? ?) = 557 cals,, which is the work of ex- 
pansion, we obtain ^ = — 10297 cals. 

Dissociation of solids, — If a solid dissociates into 
gases, the equilibrium is conditioned by the concen- 
tration of the latter. If in the dissociation 

NH.HS;;^ H,S + NH. 

r, and c^ are the concentrations of H^S and NH,, that 
of the NH^HS being small and remaining constant, 
then 



V meaning in each case the volume in which i mol is 

present. 

In this case 

P 

where Pis the total pressure; hence 

K — c,c^ — ^-^. 
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If F is the total pressure at any other temperature 7\, 
then 

hence/ since i= 2, 



or 



7; r, 2R\T, Tf 



At the temperature 

T, = 273 + 9.5, P = 175 mms. of Hg; 
^. = 273 + 25.1, ^' = 501 mms. of Hg; 

hence 

^= — 21550 cals. 

By direct experiment the molecular heat of subli- 
mation is found to be 22800 cals. We must, however, 

(y -4- T\ 
—^ -j cals. from this, which amount has 

been used for the expansion. We have then 



22800 — 1 161 = 21639 cals. = — y. 

The general form of the equation for this process, 
where //, mols of one gas, », of another, etc., arc given 
off, is 
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This formula may also be applied to the dissociation 
of salts containing water of crystallization. 

Solution of solids. — In this case the equilibrium de- 
pends only upon the concentration and temperature ; 
we have then 

where c is the concentration of a saturated solution at 
the temperature 7",. If c' is the concentration of such 
a solution at another temperature 7*,, then it is possible 
for us to calculate by (44) the heat of solution of the 
solid, the increase of volume being so small that it is 
practically equal to zero. 

van't Hoff found by experiment with succinic acid 
in water that 

for T^ = 273, c = 2.88 mols per liter; 

and for 7, = 273 + 8.5, c' ^ 4.22 mols per liter. 

For I mol, then, i.e., by (44), 

^= — 6900 cals., 

while Berthelot by direct experiment found — 6700 
cals. 

Ionization of solids in solution. — If a substance is 
very slightly soluble, then the solution must contain 
principally ions and very little undissociated substance, 
and the heat of dissociation must be the same as the 
heat of solution, i.e., equal to the negative value of 
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the heat of precipitation from the free ions. Thus for 
AgCl we have 

AgCl = Ag + CI. 

If the solubility at 7^, = ^, and at 7", = c\ in mols per 
liter, then, since /= 2, we have 



4^7; TJ 



For r, = 273 + 20, ^r = i.io X io"5, 

^. = 273 + 3O1 c' = 1.73 X lO-s; 

hence ^ = — 15900. 

For the negative heat of precipitation we found 
(Chapter VII) -- 15800 cals., which is an excellent 
agreement. 

Dissociation of gaseous bodies. — ^When a substance 
A dissociates according to the scheme 

A = n^A^ + ^«^« + • • • 
the equation of equilibrium is 

Kc = c^^c^'^ . . . , 

where c, c^y c^j . . . are the concentrations of ^, A^, 
^,, ... in mols per liter. If oc is the degree of dis- 
sociation, then when I mol is present in the volume V 



1 85 ELEMENTS OF PHYSICAL CHEMISTRY. 

If the mol occupies the volume V^ at 7*,, and the 
volume V^ at J,, then 



the terms ;«j*», «j*«, . . . cancelling. 
For the dissociation of N.O^ we have 



NAn^NO,. 



Here «, = 2, «, = o, and we obtain 



« „ « 



If we assume the vapor-densities to be ^ and ^' at 
y, and y,, then 



«=HZ9^ and a. = 3li79Z^ 



where 3.179 is the vapor-density of N^ ^s calculated 
from the molecular weight (96) and based upon air as 
a standard. 

The volume occupied by i mol of N^O^ under 
atmospheric pressure is increased by the dissociation. 
One mol occupies at any temperature 0.08197' liter 
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(from - — —-). The volume in which i mol is present 

% 1 70 

will be increased, then, to o,o%\<)i * ^ liters. This 

term ' a , however, is equal to (i + a) (i.e., 

3.179: ^:: I + ;r: i); hence Fj = 7^,(1 + «,) and 
F, = 7',(i + «,), and we obtain 

'7-,(i-«,') 'j-.d-O 217-, 7-/ 

From the results 
Tx = 273 + 26.1, ^ = 2.65, flf, = 0.1986, 

7; = 273 + III. 3, J'= 1.65, AT, = 0.9267, 

we find ^ = "" 12900 cals. 

After subtracting the heat equivalent to the work 
of expansion* we obtain from the experimental result 

q — — 12500. 

By a similar calculation it is also possible to find the 
heat of dissociation of other gases. 

Dissociation in solution, — We have already consid- 
ered this as applied to substances which are quite in- 
soluble where the concentration of the undissociated 
portion may be neglected. When no solid is in con- 
tact with the solution, and the undissociated portion 

* The gas is supposed to increase its volume without doing 
work. 



188 ELEMENTS OF PHYSICAL CHEMISTKY, 

may vary, the calculation is quite different. For this 
we use the same formula as in the case for gases, since 
substances in solution behave just as they do in 
gaseous form, bnt the volume of a liquid varies but 
slightly for small temperature differences, t/, = z/,. 
If the dissociation at one temperature T^ is a^, and 
that at 7", is «,, then for binary electrolytes we have 

Arrhenius has proven this equation thoroughly by 
calculating q from experimentally determined values 
of a at different temperatures. By it he found the 
heat of dissociation for the different acids, bases, and 
salts, and thus was able to calculate what the heats of 
neutralization should be by the equation (Chapter 
VI) 

^ = ;r + fF.(l - «.) - fF.(l - «.) - fr,(l - «,)• 

In Table X the values obtained from this formula 
are compared with those values found by experiment. 

Table X.* 

THE HEATS OF NEUTRALIZATION OF NaOH. 

Acid. Calculated. Observed. 

HCl 13700 cals. 13740 cals. 

HBr 13760 '* 13750 *' 

HNO« 13810 ** 13680 ** 

CaHftCOOH 13400 " 13480 •* 

H.POi 14910 *• 14830 

P(OH), 15460 " 15160 

HFl 16120 ** 16270 

* Arrhenius, Zeit. f. phys. Chem., IV., no (1889). 
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This agreement is very close considering the chance of 
error in both results. From this it is dear that the value 
of the heat of neutralization of a base by an acid cannot 
be assumed to be proportional to the strength of the acid. 

The two latter acids are very weak, and yet they 

give the greatest heats of neutralization. The heat 

generated, as already mentioned, depends upon the 

heats of dissociation of the acid, base, and salt. 

B. The Role of the Ions in Analytical 

Chemistry. 

64. Ions. — With a very few exceptions all the 
reactions of analytical chemistry take place between 
the ions. In order to detect chlorine in a substance, 
for example, it is necessary that it exist as an ion, and 
that an ion of silver be brought in contact with it. 
Then and only then is solid silver chloride precipitated. 
If the chlorine is present merely as a constituent of 2 
complex ion no silver chloride will be formed. Thus 
potassium chlorate does not give with silver nitrate a 
precipitate of silver chloride, for its ions are 

K and CIO,. 
The ions, then, are the active constituents of all 
solutions. 

65. The color of solutions. — The color of a solu- 
tion depends always upon the condition of the solute 
in the solvent. If a substance is not at all dissociated 
or but slightly so. then any color it may possess is 
due to the undecomposed molecules. In case the 
substance is completely ionized the color of the solu- 
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tion will be the result of the mixture of the colors of 
the ions; or if only one is colored that color will be 
the color of the liquid. When partly dissociated a 
substance in solution will have the color due to the 
mixture of the colors of the ions and molecules. 

There is always a chance of error here if the color 
of the solid is assumed to be the color of the molecule 
in solution. The color of a crystal is, for example, 
very often different from that of the substance in the 
form of powder, and, further, it is possible for a dis- 
sociation to take place in the water of crystallization. 
In this latter case the solid would exhibit the same 
color as the colored ion does. The only correct way 
to find the color of the undissociated molecule in so- 
lution is to use a solvent in which the substance is 
not dissociated to any extent; then the two colors 
will be the same. This is not difficult to carry out, 
for all solvents have a different dissociating power, 
and either alcohol, ether, benzene, chloroform, or 
acetone will be found to serve the purpose. 

The ions of most acids are colorless; consequently 
all salts of a metal in very dilute solutions will have 
the same color, i.e., the color of the metallic ion. In 
more concentrated solutions this is not true, for many 
molecules are colored and, as they are now present to 
a greater amount, the color of the solution is the result 
of the mixture of these and the ions. An example of 
this is given by solutions of cuprous chloride, where 
the color of the molecule is yellow. The copper ion 
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is blue, so that the color of solution of CuCl, may be 
either yellow, green, or blue according as it is undis- 
sociated or. ionized to a lesser or greater degree. All 
copper solutions when very dilute, provided the nega- 
tive ion is colorless, are of a blue color. 

If in any way the colored ion of a solution is 
removed the color naturally disappears. All dilute 
cobalt solutions show the pink color of the cobalt 
ions. If it is boiled, however, with a solution of 
cyanide of potassium the color disappears. This is 
due to the formation of the complex ion CoCN, , 
which is colorless, i.e., the salt K.CoCN, is formed, 

which dissociates into the two colorless ions 3K, and 
CoCN.. 

It is possible in this way from color observations to 
gain an idea of the ions into which a substance is dis- 
sociated in solution. An example of this is an inves- 
tigation carried out by Ostwald.* He noted that the 
color of potassium bichromate in solution is reddish 
yellow, while that of the chromate is yellow. The 
ions of the former are 

+ — — 

2K and Cr,0„ 

while those of the latter are 

2K and CrO,. 

The so-called chromic acid (HjCrOJ, however, 
possesses a reddish-yellow color similar to that of the 

* Zeit. f. phys. Chem., IL, 78 (1S88). 



192 ELEMENTS OF PHYSICAL CHEMISTRY, 

bichromate. This would lead one to assume the 

presence of Cr,0, ions instead of those of CrO^. 
Further investigation, indeed, proved that this is true, 

and instead of the ion CrO^ we have Cr,0,. Except 

in neutral or alkaline solutions, when CrO^ comes in 

contact with H ions it goes into Cr,0,. 

This method becomes quite delicate when, instead 
of observing the color directly, we observe the ab- 
sorption spectrum. This has been applied by Moore 
to solutions of ferric chloride to ascertain the amount 
of undissociated hydrate present, as a means of deter- 
mining the hydrolytic dissociation. 

66. The action of indicators. — An indicator is a 
substance which possesses a different color in an alka- 
line solution from what it does in acid. The indi- 
cators are themselves slightly dissociated acids or 
bases, and the change in color is due simply to the 
rise or disappearance of the colored ion. Instead of 
attempting to find a general rule as to their behavior, 
we shall consider a few typical cases which will make 
the principle clear. 

Phenol'phthalein is a weak acid, i.e., in water it is 
ionized to a small extent into ions of H and those of 
the colored negative radicle. In the molecular state, 
i.e., in an alcoholic solution, it is colorless, while the 
negative ions are red. If to a colorless alcoholic water 
solution potassium hydrate is added, the following 
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reaction takes place: The indicator is but slightly 
dissociated into H ions, but when these come into 
contact with ions of OH they unite with them to form 

undissociated water. This is due to the fact that 

+ - 

only an infinitesimally small amount of H and OH 

ions can exist together without forming undissociated 
water. This removal of H ions, however, destroys 
the equilibrium which exists between the ions and 
the undissociated portion of the indicator (by equa- 
tion 28); consequently more of the indicator dissoci- 
ates. Again, the H ions are removed and the process 

is repeated until in the solution we have ions of*K 
and the negative colored radicle, and the solution is 
red. It is a general rule that all weak acids are very 
much less dissociated than their sodium or potassium 
salts. In few words, then, the process consists in the 
removal of the H ions by those of OH, and the for- 
mation of the potassium salt of the indicator, which 
is so much dissociated that the red color of the nega- 
tive ion is visible 

If acid is added to this salt, then ions of H come in 
contact with those of the negative radicle, and since 
they cannot exist with them to the extent which those 
of K can, they unite again to form the almost undis- 
sociated indicator, and the color disappears. 

Ammonium hydrate is a very weak base, i.e., its 
dissociation is very small (about 1.55^ in a n/\o solu- 
tion), and the salt formed from it with the very weak 
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acid phenol-phthalein is hydrolytically dissociated to 
such an extent that it is colorless, until such an excess 
of ammonia is added that the hydrolytic dissociation 
is no longer possible. 

All acids give very satisfactory results, because the 
number of H ions in the indicator is very small and 
therefore easily influenced. In general, then, with 
phenol-phthalein only the stronger alkalies can be 
used, but both strong as well as weak acids may be 
readily determined (contrast with methyl orange). 

Methyl orange is a medium strong acid, i.e., it is 
dissociated to a larger extent than phenol-phthalein. 
Its molecule is red and its negative ion yellow. The 
pure-water solution of this is so much dissociated that 
it shows the color which is produced by the mixture 
of these two colors ; for this reason it is usually used 
in an alcoholic solution. Addition of a strong acid, 
by the action of its H ions, causes the dissociation to 
decrease and consequently the red color of the mole- 
cule appears. If an alcoholic solution which is red is 

mixed with a base, H and OH ions unite to form 
H,0, and a dissociated salt is left, which shows the 
yellow color of the negative ion. A very weak acid 
will have no effect upon this indicator, for the number 
of its H ions will not be great enough to influence 
those of the indicator (example, H,CO,). 

Methyl orange is, then, adapted to all bases, weak 
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as well as strong, but only to strong acids (contrast 
with phenol-phthalein). 

The other acid indicators work on the same prin- 
ciple as these. The alkaline indicators have of course 

OH ions and these form salts with the acids, and the 
color of the positive ion is shown. With bases the 
ionization is decreased, hence the color of the un-ion- 
ixed product is shown. 

In all cases it is to be remembered that a certain 
portion of the acid or base used is employed in caus- 
ing the indicator to change, so that the amount of the 
latter should be as small as possible. 

The action of the acid in all these cases is to drive 

back the dissociation by its H ions or else to remove 

by them the OH ions. The base drives back OH ions 

+ 
or removes H ions. 

67. The solubility product. — All substances arc 
soluble to a certain extent. Those which we call in- 
soluble — BaSO,, AgCl, etc. — are in reality soluble to 
a certain extent, but this is so small that in analytical 
chemistry it may be neglected. In the theoretical 
study of the subject, however, this solubility becomes 
of vast importance. 

A saturated solution of any salt is one which con- 
tains at any one temperature the maximum amount of 
substance, the solution being in contact with the solid. 
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Nernst * found in such a solution that the undissoci- 
ated portion always remains constant. 
Consider equation (28): 

Kc = tr,r,. 

If c remains constant, then, since K is also a constant, 

the product c^c^ must also be constant in a saturated 

solution, i.e., 

c^c^ = constant = s. 

Of course if there is more than i ion of a substance 
formed, its concentration must be raised to that 
power. We have in general, then, 

(28^) c^^c^^ = constant = s. 

If an ion in common is added to such a system to 
the concentration ;r, we have ' 

where c^ and c^ are equal to each other as c and 
c^ were, but are both smaller than these, r/ and 
c^ represent the concentrations of the substances 
which are still present as ions, r,", c^^ c^'^, t:,'*, and 
X are all to be given in mols per liter. Examples of 
the application of this are given later. 

This product, equal to s, was called by Nernst the 
solubility product^ and upon it all our work in analyt- 
ical chemistry is based. The results of Nernst*s work 
are summed up in the two following laws : 

/. /;/ a saturated soltition of a partly dissociated salt 

* Zcit. f. phys. Chem., V. 372 (1889). 
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the mass of the undissociated portion remains constant 
even when a second substance is added. 

II. The product of the masses of the ions formed by 
the dissociation also remains constant in a saturated 
solution. 

This solubility product of a solution means in words 
the amount which the product of the concentrations {in 
grams per liter) of the ions forming the substance can 
reach without forming undissociated substance. 

By the addition of another substance with an ion 
in common this product is exceeded, and undissoci* 
ated substance is formed, which, since the solution is 
saturated, separates out in solid form. It is neces- 
sary, then, for a precipitate always and only to be 
formed when its solubility product is exceeded. 

This IS shown by the fact that a solution of a soluble 
bromate added to a saturated solution of silver bro- 
mate causes solid silver bromate to separate out. If 
the solution is not saturated at first, then the undis- 
sociated portion formed saturates the liquid and after 
that separates out in solid form. 

Since the larger the concentration of one ion the 
smaller need that of the other be to reach the solu- 
bility product, one ion can be entirely separated by 
the addition of an infinite amount of the other. In 
practice a large excess of the precipitant causes all 
of the ions in question, except a negligible amount, to 
be separated. Thus in precipitating BaSO^ from 
BaCl, by H^SO^ an excess of the latter will make the 
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precipitate even more insoluble. This increased in- 
solubility of the solid is retained by washing the pre- 
cipitate with a water solution of H.SO^. In the solu- 



tion of BaCl, we have ions of Ba and 201, and in the 
acid we have ions of 2H and SO^. The product of the 

+4- 

concentrations of the Ba and S0« ions exceeds the 
solubility product of BaSO^ ; consequently this sepa- 
rates out, first in undissociated form, then as a solid. 

The greater the number of free SO^ ions the smaller 

is the number of those of Ba which remain free; hence 
the necessity of adding an excess of the precipitant. 
If we use equivalent amounts of BaCl, and H,SO^, 



then a considerable amount of Ba and SO^ ions will 
remain uncombined. 

The decreased solubility of a substance in a solu- 
tion which contains an ion in common with it can also 
be understood by the aid of the conception of the solu- 
bility product. An example will show the process in 
the clearest manner. Imagine AgBrO, going into 
solution in a solution of KBrO,. In pure water ions 

of Ag and BrO, would be given off until the solubility 
product of AgBrO, is exceeded sufficiently to saturate 
the solution with AgBrO, in the undissociated form ; 
after that the product would be just reached. In the 
case of the solution the ions of AgBrO, are given off 
as before ; but^ since we have already a large excess of 
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BrO, ions present, the solubility product will be 
reached with a smaller amount of AgBrO,, hence less 
will dissolve. 

This can be shown very easily by aid of the equa- 
tion for 5 already derived. The solubility of AgBiO, 
is 0.0081 mols per liter, i.e., since the dissociation 

must be nearly complete in such a very dilute solution, 

+ - 

the concentration of Ag and BrO, ions must each be 

equal to 0.0081 mols per liter. We have then 

0.0081 X 0.0081 = j = (0.0081)'. 

+ 
A n/\o solution of AgNO, contains 0.0085 niols of Ag 

ions to the liter-, so the solubility of AgBrO, in this 

solution will be found by solving the equation 

;r(;ir + 0.0085) = (o.008l)" 

for ;r, where x is the amount of Ag = BrO, which can 
come from the solid AgBrO,, i.e., it is the amount of 
AgBrO, dissolved, x is here equal to 0.00489 mols per 
liter, and we have depressed the solubility from 0.0081 
to 0.00489. 

Another process which is governed by this principle, 
though seemingly not, is the increased solubility of an 
insoluble salt in a solution in which it forms a com- 
plex salt. A complex salt is one which is formed of 
two or more simple ones and which has different ions 
from these. Thus a KCN solution dissolves AgCN ; 

the ions, however, are to a very large extent K and 
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AgCN,, although Ag in the ionic form is present to a 

very slight extent and CN ions to a much greater 
extent. In a water solution of AgCN when saturated 
we have a certain solubility product. In its solution 

4- 

in KCN the solubility product between the Ag and 

CN ions still exists, i.e., is the same as in a water 

solution. Since, however, the CN ions are greater in 

number than those of Ag, the Ag ions must have a 
smaller concentration than they do in a water solution 
of AgCN, which has been proven experimentally. 

4- - 

The process in detail is as follows : Ions of Ag and CN 
are formed until the solubility product of the AgCN 
is reached. Since, however, the number of CN ions 
is large, undissociated AgCN is formed, which unites 

with CN ions to form the complex ion AgCN,. This, 
however, causes more AgCN to dissolve and dissociate, 
and the process continues until all the AgCN is dis- 
solved or until the solution is saturated. In the 
solution just formed we shall have, then, just enough 

ions of Ag to reach, with those of CN, the solubility 
product of the AgCN. 

From this process it is possible to find the condi- 
tions which must be fulfilled in order that any salt 
may dissolve to form a complex salt. If the number 
of ions of Ag given off is too small to exceed with the 
CN ions the solubility product of the AgCN, then no 
AgCN is formed, and so no more substance dissolves. 
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If the number is great enough to exceed this product, 
then the substance will dissolve readily. The solu- 
bility then depends only upon the relation between 
the Ag ions in a water solution of the salt and those 
in the complex salt solution which would be produced 
if the salt dissolved. All silver salts which in water 
solution give off fewer ions of Ag'than exist in a water 
solution of the complex salt are insoluble in a salt 
solution which would cause the formation of this salt. 

In general, then, we have the law : When the concen- 
tration of the metal ion in a water solution of salt is 
greater than that of a water solution of a complex salt^ 
then the simple salt will dissolve in any solvent which 
will produce this complex salt. If the concentration is 
smaller^ the solid will not dissolve to any greater extent 
than it does in pure water. 

This law is of great importance for determining the 
relative solubility products of different salts. Thus it 
has been observed that all silver salts except the sulfid 
are soluble in KCN solution, i.e., Ag,S is the most 
insoluble salt of silver, and in a water solution contains 
fewer ions of Ag than exist in a solution of KAgCN,. 
The concentration of Ag ions in a n/20 solution of 
KAgCN, is 3.5 X 10-";* consequently a saturated 
solution of Ag,S must contain but an infinitesmally 
small portion of substance in the dissociated state. 

When one remembers the extreme dilution of the 
saturated solutions of these difficultly soluble salts it 
is quite evident that all but a very small fraction must 

*Thc author, Zcit. f. phys. Chem., XVIII. 513-535 (1S95). 
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be present in the ionic state, since the dissociation in- 
creases with the dilution, so that if the ions are driven 
back the part left in solution must be infinitesimally 
small. 

68. General analytical reactions. — Here we shall 
not treat the analytical scheme in detail, but only 
consider those reactions which, viewed from the stand- 
point of the theory of dissociation, possess particular 
interest. 

METALS OF THE SECOND GROUP. 

Calcmm oxalate is a comparatively insoluble sub- 
stance; its solubility is 0.000184 mols per liter at 18®, 
so that s = 0.0,34. Oxalic acid is not dissociated 

enough, however, to precipitate CaO completely from 
the salts of strong acids. This is due to the fact that 
the reaction as it progresses gives rise to ions of H 
and of the negative radicle, i.e., to a strong acid, and 
the H ions of this drive back the dissociation of the 
oxalic acid to such an extent that the solubility 

product of CaO is no longer exceeded, even with the 
large excess of Ca ions present. In contrast to this 
all calcium salts are precipitated by ammonium oxa- 
late, since that is dissociated to a larger degree, and 
no acid is formed to affect its dissociation. If, how- 
ever, NaCl is added to CaCl.^, more CaO is precipitated 

by H,0, since the CI ions of the NaCl drive back the 
dissociation of the HCl formed during the reaction, 

and its influence upon the dissociation of the H,0 is 
decreased. 
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Ammonia is too weak a base (i.S^ ionized in a n/io 
solution) to form the hydrate of calcium, since the 

number of its OH ions is too small to cause the solu- 
bility product of the Ca(OH), to be exceeded, even 

with the excess of Ca ions. The hydrates of sodium 
and potassium, however, are dissociated to a greater 
degree, and the precipitate is formed. Ca(OH), is 
soluble in water to the extent 0.035 n^ols per liter, 
but an excess of the precipitant will reduce this so that 
Ca(OH), may be used as a means to detect calcium. 
Of course the OH ions here have a greater effect upon 
the Ca than those of a divalent element would have, 
for here in determining the solubility product the 
square of the concentration of OH ions is used. We 

4- - 

have thus in a saturated solution, since Ca = 0.03 5, OH 
= 2 X 0.035 = 0.07, j= 0.035 X (0.07)' = 0.0,172. 

Thus I mol of OH ions reduces the solubility of 
Ca(OH), to 0.0,172 = x{x + i)*, or since the x in 
4r+ I may be neglected as compared with i, ;r(i)' = 
0.0,172, i.e., the solubility is reduced by a normal 

solution of OH ions from 0.035 to 0.0,172. Con- 
sidering that the compound CaY has the same solu- 
bility as Ca(OH), and that Y is divalent, we find 0.035 
X 0.035 — -^1 = 0.0,123. In this case a normal solu- 
tion of Y ions would depress the solubility from 0.035 
only to 0.035 X I = 0.0,123. 

Strontium salts may be precipitated as the sulfate, 
but as this is quite soluble it is necessary to add 
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alcohol and an excess of the precipitant to decrease 
the dissociation and consequently the solubility. 
Since H,SO^ is ionized to a lesser degree than HCl 
and HNO„ the sulfate is soluble to an extent in them. 
The process here is as follows: The SrSO^ gives oflf 

ions of Sr and SO^; these latter, however, owing to 
the large number of H ions of the acid, unite to form 

undissociated H^SO^. This loss of SO^ ions causes 
more SrS04 to dissolve and dissociate, so that the 
SrS04 dissolves more than it does in pure water. 

If a large excess of a solution of a soluble carbonate 
is poured upon dry SrSO^ the latter is transformed 
into SrCO,. This is due to the fact that SrCO, has a 
much smaller solubility product than SrSO^. In the 

+4- -- + 

solution we have ions of Sr, SO^, 2Na, and CO,; the 



Sr ions unite with those of CO, to form SrCO,, which 
saturates the solution and then separates out as a 
solid. This causes more SrSO^ to dissolve and dis- 
sociate, which in its turn is transformed into the car- 
bonate, until finally we have solid SrCO, in, a solution 
of NaSO,. 

The solubility product of SrCO, is so much snialler 
than that of the SrSO^ that SrSO^ is transformed 
completely by a mixture of equal amounts of car- 
bonate and sulfate, for the decrease of the dissocia- 
tion of the SrSO^ by the SO4 ions is not enough to 
prevent the formation of the SrCO,. If the solubility 
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product of a sulfate differs less from that of the car- 
bonate, as in the case of barium, then the sulfate 
when treated with a mixture of equal amounts of a 
carbonate and sulfate will not be changed. This is 
true because the SO^ ions added decrease the dissocia- 
tion to such an extent that the solubility product of 
the carbonate is not reached. We have so many SO^ 
ions in the solution that the metal ions with those of 
the CO, could only reach the solubility product of the 
carbonate if it were considerably smaller than that of 
the sulfate. This is a method of separating Sr from 
Ba, for the SrCO, formed is soluble in HCl, while the 
unchanged BaSO^ is not. 

Morgan has shown this relation as follows (the 
solubilities refer to i8°): 

+ + — 

Ba X CO, = jj = o.o,i X 0.0,1 = 0.0,1 

+ + — 

Ba X SO4 = J« = o.oj X o.o^i = 0.0,1 

+ + — 

Sr X CO, = J, = 0.0^7 X o.oj = 0.0,5 

+ + — 

Sr X SO^ = J4 = 0.0,54 X 0.0,54 = 0.0,3 

To precipitate BaCO, from i liter of BaSO^ solution 
we must have more than 

o.oj X ^ = 0.0,1, X = 0.0,1 of CO, ions. 

For SrCO, from SrSO^ more than 

0.0,54 X^ = 0.0,5, 

X = 0.0,92 of CO, ions. 



2o6 ELEMENTS OF PHYSICAL CHEMISTRY, 

If we add to a BaSO^ solution SO^ ions to the con- 
centration of o. I mol, then the amount of BaSO^ re- 
maining will be 

J/ X .1 = O.O.I, 

/ = o.08i =mols of Ba, of SO^, and of course of BaSO^ 
in solution, i.e. the new solubility of BaSO^. 

If we now find the number of CO, ions necessary to 
reach the solubility product of BaCO, we find it is 
increased to 

o.oj X ^ = 0.0,1, 

;r = 10 mols from o.oj mols, 

i.e. in the case of Ba a n/\o solution of SO^ ions 
counteracts the effect of 10 mols of CO, ions. For 
Sr we find this to be in the two cases 

J X.I =0.0,3, 

y = 0.0,3, 

i.e. the solubility of SrSO^ in presence of .1 SO4 ions. 

From this in order to precipitate SrCO, it is necessary 

to have only 

^X 0.0,3 =0-0,S, 

J/ = 0.0,17 niols. 

That is, the effect of SO^ ions on the formation of 
SrCO, from SrS04 is so small that Sr will be trans- 
formed by solutions of CO, ions which have no effect 
upon BaSO^. The NaSO^ formed during the reaction 
increases .this difference between Sr and Ba. 
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In the case of the carbonates here the values are 
affected by the hydrolytic dissociation. This, how- 
ever, would have the same effect upon both Sr and 
Ba, so the relation between the two holds just as well 
as if this did not take place. Bodlander has lately 
determined the hydrolytic dissociation of BaCO, and 
CaCO, and finds them equally dissociated, i.e. to 845^. 

Strontium sulfate is characterized by its extreme 
slowness of saturation, so that BaSO^ , which is formed 
immediately, can be separated from the SrSO^ , which 
is formed only after a time. 

Magnesium. — The hydrate of this metal is very 
slightly soluble, but an excess of OH ions reduces the 

solubility very largely, so that it may be used as a 

+ -h - 

quantitative precipitate. The fact that Mg and OH 

ions can exist to an extent together without uniting 

explains why Mg(OH)a is not precipitated by NH^OH, 

when it is by NaOH and KOH. The NH.OH con- 

tains just enough OH ions to exceed the value of the 

solubility product of Mg(OH), , but the ammonium 

salt which is formed by the reaction has a decreasing 

effect upon the dissociation of the NH4OH, so that 

the product can no longer be exceeded. In this way 

an ammonium salt added to one of magnesium will 

prevent the precipitation of the latter as Mg(OH), by 

NH4OH, and also by other hydrates, unless enough is 

added to saturate first all the NH4 ions in the solu- 
tion. Undissociated NH^OH will be formed from 
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+ - - 

the NH4 and OH ions and an excess of OH ions can 

never be present until all NH^ ions, except those few 
produced from the NH^OH, are removed, 

METALS OF THE THIRD AND FOURTH GROUPS. 

These groups of metals are characterized by the fact 
that their sulfids have such large solubility products 
that they are soluble in dilute acids. A general law 
as to the solubility of the sulfids in acids is as follows, 
its derivation being self-evident: If the solution of 
H^S gas in acid^ such as would be formed if the sulfid 
dissolved in acid of a certain strength^ contains a 
smaller number of S ions than there are in a water 
solution of the sulfide then the sulfid is soluble in acid. 
If a larger number y then the sulfid is insoluble. If the 
sulfid contains in H,0 a larger number of S ions than 
H,S in acid solution, then when it is placed in acid 

the solubility product of the H,S is overstepped and 

+ - 

H and S ions unite, saturate the solution, and finally 

escape as H,S gas. If the sulfid contains a smaller 

number of S ions in water, then it will be impossible 

for the solubility product to be overstepped and no 

H,S will be formed. 

Iron. — This metal has two ionic forms — one with 



two charges of electricity, Fe, and the other with 



4-H- 



three, Fe. The solubility product of FeS is so large 
that it is not formed by H,S in neutral salt solutions, 



\ 
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for the acid formed drives back the dissociation of the 
H,S (which is ionized to a very small extent into H 
and S), so that the S ions become too few to exceed 
the solubility product of the FeS, 

The iron salts of the strong acids are hydrolytically 
dissociated; in weak acids this is almost complete. On 
account of this we have difficulty in obtaining clear 
solutions except in the presence of acids, for the hy- 
drate formed, Fe,(OH), , is in the colloidal state and 
separates out readily. The so-called basic-acetate 
separation of iron is based upon this dissociation. 
The iron salt is diluted and nearly neutralized with a 
carbonate, and then acetic acid and an acetate added, 
and the whole solution boiled and filtered hot. This 
treatment causes the acetate of iron to be formed, 
and when hot, since the hydrolytic dissociation in- 
creases with heat, the hydrate of iron separates out 
completely. The acetate is added of course to de- 
press the dissociation of the small amount of acetic 
acid present and thus to destroy its dissolving 
power. In this way it is possible to precipitate 
iron as a hydrate without making the solution 
alkaline. 

This hydrolytic dissociation can always be predicted 
by the use of the equation of the solubility product. 

The dissociation takes place when the product of H and 

acid ions or metal and OH ions. exceed respectively 
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the solubility product of the hydrate and acid. We 
have then 

OHh,oXBs>Jb» 



or 



4- 

Hh,o X As >Ja» 



singly or together, as the conditions which are neces- 
sary for the possibility of hydrolytic dissociation. 

4- 

Thus, how many H ions must exist in a liter of solu- 
tion before a mol of Ca ions can begin to dissociate 
hydroly tically ? Jca(OH), =0.0,172. We have then 

CaX (OH)' = 0,0,172, 
I X(OH)' = 0.0,172, 
(OH) = 0.0132 mols. 

Since water contains but 0.0^9 mols of OH to the 
liter, we see that calcium salts can never dissociate 
hydroly tically by reason of the Ca ion. 

The ferro and ferri ions have different colors, the 
former being a greenish black, the latter a yellowish 
brown, H,S gas reduces the ferri to ferro ions, with 
the liberation of sulfur. 

By boiling with KCN the ferro- and ferricyanides 
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are formed, which dissociate into a complex ion, so 
that they give no reaction for iron. 

The volumetric method of estimation of iron by 
permanganate of potash depends upon the change 
from ferro to ferri ions. Thus 

2KMnO, -f loFeSO, + 8H,SO, = K,SO, 

+ 2MnSO, + 5Fe,(S0J, + 8H,0, 



• . • • • 



or, smce it is an ionic reaction, 



loFxSO, = 5Fe.(S0,)„ 

-f-h ++4- 

loFe = sFe,. 



The end of the reaction is the point at which the color 

of the undecomposed KMnO^ is observed. 

+-f-f 
Aluminium has only trivalent ions, Al. All salts 

react acid, showing hydrolytic dissociation, which with 

the weaker acids is complete, as in the case for iron. 

The behavior of Al(OH), with ammonia, caustic 

soda, and potash is just the opposite to that of 

Mg(OH),, The two latter dissolve the hydrate, while 

the former does not. This is due to the fact that with 

the stronger alkalies, i.e., those which contain a large 

-f+4- 

number of OH ions, the Al ion takes the place of the 
hydrogen in the OH, and we have the complex ion 
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AlO,. This causes more of the Al(OH), to dissolve 
and dissociate, etc. With ammonia the concentration 

of OH ions is too small to cause the ion to be formed 
to any extent ; hence the Al(OH), is not so soluble. 

Cobalt and nickel, — The sulfids of these two metals 
show a marked peculiarity. They are not formed in 
dilute acid solutions, and yet when once formed are 
not dissolved by acid of this strength. This is proba- 
bly to be explained by the fact that the sulfids when 
once formed change their state in some way and thus 
become insoluble in acids. This seems to be a com- 
mon process with the sulfids, cadmium sulfid being 
the only one which is perfectly reversible. This is 
formed in a solution and then redissolved by 'remov- 
ing the H,S gas in a vacuum — a process, which is 
not possible experimentally with any other metal, 
although theoretically possible with all. With all 
metals of these groups H,S under higher pressure 
will cause the sulfid to be formed in the presence of 
acid which would prevent the formation under atmos- 
pheric pressure. 

Zinc forms with the alkalies a complex ion, ZnO,, 
just as aluminium. The sulfid of this metal is as in- 
soluble as any of this group, for neutral salt solutions- 
are almost completely precipitated by H,S, notwith- 
standing the H ions of the acid formed during the 
reaction. The acetate in presence of a neutral 
acetate is completely precipitated by H,S. 
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METALS OF THE FIFTH AND SIXTH GROUPS. 

The sulfids of the metals of these groups possess a 
concentration of S ions in a saturated water solution 
which is smaller than that of H,S under the same con- 
dition, even in the presence of dilute acids. Conse- 
quently they are precipitated in acid solutions by H,S 
gas. 

Cadmium, — The salts of this metal are characterized 
by their slight ionization. The effect of this upon the 
solubility is marked, for when no dissociation takes 
place the precipitate is usually soluble in an excess of 
the precipitant. As a rule, complex ions containing 
Cd are not stable, i.e., they dissociate into a larger 
number of Cd ions than the simple salts, so that these 
latter are formed from the complex salt. For this 
reason CdS is formed from K,Cd CN^ by H,S gas. 

Copper can be estimated from the cuprous iodide. 
The reaction is 



Cu + 2I = Cul + I. 

In order to make the Cul as insoluble as possible it 
is necessary to have ions of I present. An addition 
of H,SO, serves this purpose, in that it forms from the 
undissociated I, HI, which is dissociated into H and 
I ions. 

Copper sulfid is even more soluble than cadmium 
sulfid, and too much acid will prevent entirely the pre- 
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cipitation. An excess of water, however, causes it to 
form. 

Mercury salts are not largely dissociated, and con- 
sequently many of the reactions take place between 
the molecules. The cyanide of mercury does not 
conduct the electric current, i.e., is not at all ionized, 
and strange to say is not poisonous. This latter 
property seems to a very large degree to depend upon 
the dissociation of a body, i.e., upon the ions. 

As hydrolysis takes place to a very large degree, an 
addition of acid is necessary to obtain a clear solution 
of a mercury salt. 

Bismuth is hydrolytically dissociated in its salt solu- 
tions to a greater degree than any other metal, so that 
this property is used to separate it from other metals. 
If a salt solution in acid is diluted to a larger extent 
the hydrate immediately precipitates. 

C. Chemical Kinetics. 

69. Application of the law of mass action. — By 
the law of mass action the reaction 

n,A, + n^A^ + . . . = n^A^ + n^A^ + . . . 

becomes 

The speed with which a reaction will take place is pro- 
portional to its constant k in that direction. The total 
speed with which the reaction goes is, then, equal to 
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the difference in the speed in the two directions. We 
have then 

F = z/ — z;' = y^^,"!^/* ... — yfeV/^iV/"'' . . . 

If in the time dt the substance being formed is in- 
creased by an amount dc^ then 

dc 

— = >fe^:,«i^,«« ... — >feV/«>V/«»' . . . 

This, however, is only true when the reaction takes 
place isothermally, i.e., when the heat liberated or 
absorbed is removed or supplied, so that no change in 
the temperature follows, for the constants k and k' are 
dependent upon the temperature. 

If we have four substances present at the beginning, 
i.e., / = o, in the concentrations a^^ a^, a'y and a^ 
mols, and x mols of a^ and a^ are decomposed at the 
time /, then 

^ = k{a, - x){a, -X)- k\a,' + ;r)(«.' + x). 

The ratio t7 can be found at equilibrium (i.e., for 

dx 

~TT = o), as has already been explained. 

In general, however, this formula is very much sim- 
plified by the fact that most reactions are almost com- 
plete in one direction, so that the second term Will be 
so small that it may be neglected. We have then 

dx 

-^=zk{a,- 4r)(«, - x). 
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70. Reactions of the first order. — For convenience 
we divide all reactions into orders. Thus a reaction 
of the first order is one in which but one substance 
suffers a change in concentration. 

Raw sugar in water solution is transformed in the 
presence of acids almost completely into dextrose and 
laevulose; it is inverted. The speed of the reaction is 
very small and increases with the amount of acid 
added. 

The progress of the reaction may be observed by aid 
of the polariscope. The uninverted portion revolves 
the plane of polarization to the right, while the two 
products revolve it to the left. If a^ is the positive 
angle of revolution at the time / = o, i.e., that which 
is due to the uninverted sugar alone, the amount of 
which is a mols; a/ is the negative angle after com- 
plete inversion; and a is the angle at the time / — then, 
since the revolution is proportional to the concentra- 
tions, JT, the amount inverted, is found from 

«• + «• 

For the time / = o^ « = a^, i.e., or = o; for the time 
/ = 00 , i.e., after complete inversion, a-=^ — a^ or 
or = ^. 

This process was first measured by Wilhelmy (1850), 
and it has played an important role in the history of 
chemical mechanics. 
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The process follows the scheme 

C,.H„0„ + H,0 = 2C.H,,0., 

whether acid is used or not, for the concentration of 
the latter does not change during the reaction. 
According to the law of mass action, the speed is pro- 
portional to the amounts of sugar and water. The 
latter, however, is present in such an excess that its 
action is constant. The speed of reaction, then, is 
proportional to the amount of sugar present and we 
have a reaction of the first order. The formula is then 

dx 

j^ = k{a- x), 

where, for / = o, ;i: = o. ^ is the inversion constant^ 
which depends only upon the temperature. By in- 
tegration this becomes 

— l{a — x) = il -{- constant 

or, since, for / = o, ;t: = o, 

/(a) = the constant ; 



I.e., 



I a I a 4- 01/ 



t a — X t a 4" ^0 ' 

The meaning of the constant k is in words as follows: 
its reciprocal value multiplied by the fiatural logarithm 
of 2 gives the time in mifiutes which is necessary for the 
transformation of one half the total amount of substance^ 
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providid the products of the reaction are removed as 

soon as they are formed and the substances replaced as 

a 
they are usedy as is shown by the substitution of — for 

X. Further, for all reactions of the first order this 
constant k is fou7id to be independent of the original 
concentration of the substafice. Table XI gives the 
values for k for a 205^ sugar solution in presence of a 
0.5 N. solution of lactic acid at 25° C. 

Table XI. 

INVERSION OF SUGAR. 



'• !• 



/(minutes) * 1^^^ a—x 

o 34*. 5 

1435 31'. I 0.2348 

4315 25'.o 0.2359 

7070 20*. 16 0.2343 

11360 i3*-98 0.2310 

141 70 10". 01 0.2301 

16935 7' -57 0.2316 

198 1 5 5* 08 0.2291 

29925 — i".65 0.2330 



00 



a 



Since only the constancy of the term - / ^ _ ^ is 

to be shown, we use the more convenient system of 
logarithms, i.e., that of Briggs. 

71. Catalytic action of hydrogen ions. — The in- 
version of sugar, as well as all other reactions of the 
first order which are hastened by the action of acids, 



-f 



is due to the H ions which are present. This action 



•^ 
t 
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is known as a catalytic action of the acid present, 

which retains throughout the reaction its original con- 

-f 
centration. The reason why H ions act in this way is 

unknown; but that they do have an accelerating 

effect is an established fact. 

The more concentrated the acid used the more 
rapidly the sugar is inverted, without, however, any 
exact proportionality. The inverting action increases 
more rapidly than the concentration. In presence of 
a neutral salt of the acid its inverting power is in- 
creased by about 105^ for the stronger acids, but 
decreased for the weaker ones. 

Since the acceleration of the speed of the reaction 
is caused only by acids, and since they are distin- 

guished by the presence of H ions, the action must 
be due to these latter. Further than this, a series of 
acids arranged in the order of inverting power is found 
to be in the same order in which they stand in refer- 

ence to ionization. Thus it is plain that the H ions 
have this effect, although the inverting power is not 
strictly proportional to the ionization. For example, 
a 0.5 .N solution of HCl inverts 6.07 times as rapidly 

as one of a o.i .N solution, while it contains only 

+ 
4.64 times as many ions of H. Arrhenius found the 

presence of other ions to increase the catalytic action 

of those of H. 
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The speed of reaction increases more rapidly than 
the concentration of H ions, owing to the fact that the 
negative ions are also present to an equal amount and 
so increase the inverting action of the H ions. 

In the presence of a neutral salt we have two sep- 
arate actions upon the acid : the first causes a decrease 
in the concentration of H ions of the acid ; the second 
accelerates the action of the H ions left. 

The stronger acids are less influenced by the former 
than the weaker ones, because they are dissociated 
more nearly to the extent to which their salts are. 
Consequently the second action predominates, and we 
have the greatest inverting power for the strong acids 
when a salt is present. 

For the weaker acids, however, the second action 
is the smaller; hence the inverting action is less for 
weak acids in presence of a salt. 

Palmaer has found that in dilute solutions, when the 
influence of the neutral salt action is avoided, the in- 
version constant is exactly proportional to the con- 
centration of hydrogen ions. 

Another reaction of the first order which depends 

+ 
for its speed upon the catalytic action of the H ions 

is the formation of alcohol and acid from an ester. 

For example, 

CH.COOC.H. + H,0 = CH.COOH + C,H,OH. 
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The equation is the same as before, i.e., follows the 
formula 

t a -^ X 

where a is the amount of ester in mols at the time 
/ = o, and X is the amount transformed at the time /. 
X is equal also to the amount of acid or alcohol formed 
during the reaction for the time /. The progress of 
this reaction is observed by titrating the amount of 
free acetic acid present. 

Here also the velocity is exactly proportional when 
the action of the neutral salt is avoided. If the 
amount of neutral salt in the solution is so large that 
it can be considered constant, then a constant value 
will be obtained for k although its absolute value will 
be different from that for the case that no neutral salt 
is present. Walker used this method to determine 

H ions present in a solution due to hydrolytic disso- 
ciation. 

72. Reactions of the second order. — Here two 
molecules suffer a change in concentration during the 
reaction, i.e., the constant depends upon the concen- 
tration of two substances. We have then 



■£ =^ k{a -x){b ^ x), 
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Or 

-Al{b — X) — l{a — x)] z= kt -\- constant, 

For / = o, ;r = o, and the constant is 



-jT-,('*-''^)' 



I.e., 



, _ I (a- x)b 

{a - b)t {b-^x)a 



If we use equivalent amounts of the two substances, 
then a z^ by and we have 



dx 



or 



k=i 



t {a — x)a * 

Here k is proportional inversely to the original concen- 
tration. 

An example of a reaction of the second order is 

QH.COOQH, + NaOH = CH.COONa + C,H,OH. 
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Table XII gives the value of this constant as calculated 
for different lengths of time at the temperature of 
io°C. 





Table XI I. 




/ (minutes) 




Jk 


O 




• • • • 


489 




2.36 


1037 




2.38 


2818 




2.33 



00 



The question as to how the speed varies with the 
nature of the base used has been investigated quite 
thoroughly. Thus Reicher found for strong bases 
(those which are much dissociated) approximately 
equal values for k; for weak ones, however, he found 
very much smaller values. Ostwald observed that the 
weak bases ammonia and allylamine fail to give a con- 
stant value for k. Thus for ethyl acetate and am- 
monia he found the values given in Table XIII. 





Table XIII. 




/ (minutes) 




A 







• • • • 


60 




1.64 


240 




1.04 


1470 




0.484 



This failure to give a constant he recognized, how- 
ever, as being due to the effect of the neutral salt 
formed (ammonium acetate). When a large amount 
of this is present a constant is obtained, as is shown 
by Table XIV. 



^ZA ELEMENTS OF PHYSICAL CHEaMLSTRY. 





Table XIV. 




t (minutes) 




k 


O 




• • • • 


994 




0.138 


6874 




0.120 


15404 




0.119 



This shows still a slight effect of the neutral salt 
formed, for it is impossible to keep it perfectly con- 
stant. 

Arrhenius found that the base acts simply in pro- 
portion to the number of OH ions it contains, we 
have 

C,H,O.C,H, + OH + Na = C.H.O, + N^ + C,H.OH. 

According to this, all bases containing the same 
amount of OH ions should give the same constant. 
We can re-arrange our equation to the form 

dx 



dt 



= k'a(a — x)(b — x\ 



where « is the degree of dissociation of the base. 
Since the strong bases are but slightly influenced by 
the addition of salts with an ion in common, the con- 
stant of KOH can be taken, with very little error, to 
be that due to a certain concentration of OH ions. 
From this it is then possible to calculate the constant 
for NH^OH, with or without an ammonium salt 
present A n/^o solution of KOH at 24''.7 C. gives 
a constant equal to 6.41. Such a solution of NH^OH 
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is but 2.695^ dissociated, while that of KOH is 97.2^ 
dissociated. The constant, then, for NH^OH in the 
absence of salt is 

, 0.0260^ 

k = ^6.41 = 0.1 77. 

0.972 ^ '' 

The effect of the neutral salt upon the NH^OH can 
be readily calculated from the dissociation of the two ; 
we have, then, the constant for NH^OH in presence of 
a neutral salt, 

k — 6.41, 

0.972 ^ ' 

where a is the concentration of OH ions in the 
NH^OH in presence of the amount of the neutral 
salts. Table XV compares the values thus obtained 
with those actually observed by experiment. 





Table XV. 




SPEED 


OF REACTION 


CAUSED BY NH4OH. 


s 


a 


k (calculated) 


k (observed) 





2.69 % 


0.177 


0.156 


0.00125 


1. 21 


0.08 


0.062 


0.005 


0.71 


0.047 


0.039 


0.0175 


O.I18 


0.0078 


0.0081 


0.025 


0.082 


0.0054 


0.0062 


0.05 


0.042 


0.0028 


0.0033 



This is a very good agreement, considering the pos- 
sible experimental errors, so that we may conclude 
that the velocity of saponification is proportional to the 
number of OH ions present^ and independent of the 
radical combined with them. 
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The process of saponification was used by Shields 
to find concentrations of OH ions in determining 
hydrolytic dissociation. 

73. Reactions of the third order. — If the three 
molecules are present in equimolecular amounts, we 
have 

dx 

or 

__ I x(2a — ;r) 
7 2a\a — xf 

One reaction of this order has been studied by 
Noyes. The reaction is 

2FeCl. + SnCl, = 2FeCl, + SnCl,, 

+++ ++ ++ MM 

2Fe + Sn = 2Fe + Sn. 

When SnCl, = FeCl, = 0.0625 "nol a value of ^ = 85 
was found. For such a reaction k is i7iversely propor* 
tional to the square of the original concentration, k for 
a reaction of the ;/th order is inversely proportional to 
the {n — i)st power of the original concentration. 

The practical value of the reaction velocity is to 
find the number of molecules which take part in a 
reaction. Thus if we find k \,o be a constant, as 
calculated for a reaction of the first order, the reac- 
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tion in question must be one of the first order. In 
this way, by use of the different equations, it is pos- 
sible to find thd number of molecules changing their 
concentrations in any reaction. 

74. Incomplete reactions. — Thus far we have con- 
sidered the speed of reactions which are complete, i.e., 
those which only cease when all the original substance 
has been transformed. In the case where this is not 
true it is necessary to use the equation in its original 
form. Such a case is the one already studied, 

C,H,OH + CH,COOH ^ CH,COOC,H.+ HA 

which goes with a certain speed until two thirds of the 
acid and alcohol are decomposed. When the amount 
of ester is equal to ;r, then 

dx 

^ = ki\ - xy - k^\ 

m 

when we begin with i mol of each acid and alcohol 
and have no water of ester present, k^ and k^ are the 
speed components in the two directions. We found 
earlier that 

By observing the change for any time we find 

fC. ^~ rS^ — • ~l • 

* ' 4/ 2 — 3;r 

k 
From these two values -^ and k^ — k^ we can find k^. 
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The reaction so measured, however, does not g^ve a 
constant value for k^. This was accounted for by 
Knoblauch. When alcohol and acetic acid form 
ester and water the reaction goes faster than it 
should, according to the theory. This is due to the 

catalytic action of the H ions present when the reac- 
tion goes in the one direction. If, then, the con- 

centration of H ions is retained the same throughout 
the reaction, k^ should be constant, which has been 
found by experiment to be the case. 

This shows the importance of secondary reactions, 
which may give entirely false results unless accounted 
for. 

75. Reactions between solids and liquids. — The 
solution of a substance in an acid depends for its 
speed upon the surface of contact between the two 
and upon the strength of the acid ; but many second- 
ary reactions take place, so that our results are only 
approximate. 

If we assume the surface to be so large that it 
changes but slightly during the reaction we may con- 
sider it as constant ; we have then, if 5 is the surface, 

^ = kS{a-x), 

where x is the amount dissolved in the time /. By 
integration we find 



t a — X 
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The formula in this form was found by Boguski to 
give constant results, within the experimental error, 
for the solution of marble in acid. Noyes and Whitney 
have proved that the speed of solubility of a solid salt 
in any instant is proportional to the difference between 
the concentration of saturation and the one at the time 
of the experiment. 

76. Speed of reaction and temperature. — Empiri- 
cally it has been found that the speed of a reaction 
always increases by an increase hi the temperature. 
The increase in many cases is very great. Thus a 
rise in temperature of 30° causes the speed of sugar 
inversion to be five times as great as before. Owing 
to the internal friction and its variation with the tem- 
perature, it is impossible to gain any assistance from 
the thermodynamics ; so that we have no theory which 
will account for such an enormous increase in the 
speed. An empirical formula was given by van*t Hoff 
and tested by Arrhenius. We have 

where C, is the velocity constant at the temperature 
7*0, C, is the constant at 7"^, ^ is the base of the 
natural logarithms, and -^ is a numerical constant. 
Using the lower of two temperatures as T',, we have 
for the transformation of ammonium cyanate into 
urea 
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T. = 25+273**, C. = 0.000227, A = 1 1700. 



^1 


C(obt.) 


C(calc.) 


373 + 39 


O.OOI41 


0.00133 


373 4- 50.1 


0.00520 


0.00480 


373 + 64.5 


0.0228 


0.0227 


273 -h 74.7 


0.062 


0.0623 


373 + 80 


O.IOO 


O.IOS 



CHAPTER VIII. 



PHASES. 



77. The phase rule. — This law, which was deduced 
by Gibbs, gives the relation between the number of 
phases and substances in a chemical system at equilib- 
rium. 

Imagine a complete equilibrium consisting of y 
phases of n substances. Consider one phase alone. 
This phase will contain, then, a certain amount of all 
the n substances. It may be a gas or a liquid, for all 
substances go into the gaseous form and into solution, 
at least to a slight extent. 

In this phase which we are considering let the con- 
centrations of the n substances be c^c^ . , , c^. Since 
the equilibrium is complete, the composition of this 
phase will be altered by a change of concentration, 
temperature, or pressure of the system. A change in 
one of these will cause a corresponding change in the 
other two. This we may express by the equation 

F{c^c^ . . . Cn, /, T) = o, 

where F is any function of the variables. 

231 
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The composition of one phase, however, determines 
that of all others which are in equilibrium with it; 
for all phases which are in equilibrium with one must 
be in equilibrium with each other, and this is only 
possible for a certain ratio of concentration between 
the constituents. Thus for a certain liquid phase 
we have a certain gaseous one in equilibrium with it 
and perhaps a solid. It follows, then, that the com- 
position of all the phases is a certain determined func- 
tion of the same variables. For each phase, then, we 
have an equation of the form 

Since there are y phases, we have, then, y equations 
of this form. There are, however, ;/ + 2 variables in 
each equation, so that if ^ = « -(- 2, i.e., if we have 
^two more phases than substances, we may find a cer- 
tain definite value for each unknown quantity, since 
we have the same number of equations as of unknown 
quantities. In this case there is only one value for 
each c^c^ . . . r«, /, and T at which the system may 
exist in equilibrium. When n substances are present 
in n -\-^ phases we have equilibritim only for a 
certain te^nper/iture^ a certain pressure, and a certai^i 
ratio of concentration of the single phases, i.e., n -^ 2 
phases of n substances can only exist at a certain point 
{transition point) in m system of coordinates. 

If one of these values is changed, then one phase 
disappears entirely, and we have « + i phases of n 
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substances. In this case there will hen -{- 2 variables 
(unknown quantities) in n -{- 1 equations; hence it is 
not possible to find an absolute value for any one. 
We find, however, relative values of the n-\- 2 varia- 
bles c^c^ . . . ^„, /, Tf i.e., for each value of 7"we have 
only a certain value of / and of each of the terms 
c^c^ . . . r„ at which a complete equilibrium can exist. 
It is necessary to have at least n substances present in 
order that a system contaifting n-\- i phases may exist 
in complete equilibrium. 

Gibbs deduced these laws mathematically in a differ- 
ent manner from this, although the above derivation 
will represent the idea quite as clearly and with greater 
simplicity. 

The substances in an equilibrium are all those ele- 
ments or compounds which can unite in varying pro- 
portions to form any complex. Thus in a saturated 
solution of Na,SOjoH,0, Na,SO^ and HjO are the 
substances. 

A phase is any constituent which can be removed 
by mechanical means from the complex. In the 
example above we have 3, i.e., the solid salt, the 
saturated solution, and the vapor of the solution. 

Where we have « -(- i phases of n substances, and 
the conditions are altered, one phase disappears and 
we have n phases (equations) and ;/ + 2 variables 
(unknown quantities), i.e., the composition of the 
phases is uncertain and we have an incomplete equilib- 
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rium. Such a one is a mixture of water and alcohol, 
i.e., two substances in two phases, liquid and gas. 
At a low temperature we shall have a complete equi- 
librium, for ice is formed and two substances are 
present in three phases. 

78. The equilibrium of water in its phases. — 
Fig, 14 gives the curves for water when plotted in a 

iW 




6 



Fig. 14. 

system of coordinates of which the abscissae are tem- 
peratures and the ordinates are pressures — in other 
words, the vapor-pressure curves of water, ice, and 
steam. Along the curve WV liquid and gas are in 
complete equilibrium. The curve IV is made up of 
the values at which gas and solid can exist in perfect 
equilibrium, i.e., it is the vapor-pressure curve for 
ice. The curve IW represents the conditions for the 
coexistence of water and ice. As the freezing-point 
is but slightly influenced by pressure, this curve 
forms only a slight angle to the axis of pressures 
(i atmos. = depression of 0.00752°). 

The point in which the three curves intersect is the 
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iransition-poini, i.e., the triple point in which all three 
phases can exist in equilibrium. 

If we start with the system containing water and 
vapor, i.e., down the curve WV, in a closed vessel from 
which heat can be absorbed the point of intersection 
is reached, water freezes, and we have three phases of 
one substance, i.e., the transition-point. If the tem- 
perature is still decreased either the liquid or the 
gaseous phase will disappear. Which of these de- 
pends upon the ratio of concentration. If the volume 
of vapor is great enough, all the liquid will freeze and 
the curve /Kwill be followed. On the other hand if 
the volume of liquid is large all gas will disappear 
and the curve /Wwill be produced, for the amount 
of ice which separates will increase the pressure and 
thus cause all the gas to condense. 

In a system of coordinates, then, an incomplete equu 
libriiim is represented by a surface, i.e., IV, V, and I; 
a complete equilibrium by a line, as WV, !\V, and IV; 
and an equilibrium of n substances in n -{' 2 phases by 
a point, as 0. 

An equilibrium of « substances in «+ 2 phases is 
nonvariitnt, i.e., no condition may vary. When n 
substances are present in?j+i phase, monovariant, 
one condition may vary, the pressure for example, 
and yet at a different temperature we have the same 
equilibrium once again, n substance in n phase is 
divariant, for both pressure and temperature may vary 
and equilibrium still exist. 
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By the aid of the phase rule it is always possible to 
detect from the relation of pressure and temperature 
the formation of a new phase. 

Whenever in an investigation a multiple-point is 
found in a series of coordinates it shows that a new 
phase has arisen. Upon this fact is based the dis- 
covery of a number of new hydrates, etc.* 

* For further information upon this subject the reader it re- 
ferred to Bancroft's Phase Rule. 



CHAPTER IX. 
ELECTROCHEMISTRY. 

A. The Migration of the Ions. 

79. Electrical units. — The unit of the resistance 
offered to the electric current is the ohniy i.e., the 
resistance at a temperature of 0° C. of a column of 
mercury 106.3 cms. long, with a cross-section equal to 
I sq. mm. This is equal to 10' absolute units. 

The unit of current strength is that strength which 
will separate 0.001118 gram of silver from a solution 
in one second, and is called the ampere — equal to 
lO"' absolute units. 

The unit of electromotive force is the volty or 10' 
absolute units, which gives a value for the Daniell cell 
equal to i.io volts. 

The unit of the amount of electricity is the coulcmby 
i.e., amperes per second; i gram of H ions carries with 
it 96537 coulombs. 

The intensity factor of electrical energy is the volt, 
while the capacity factor is the coulomb, i.e., 

£= ezr, 
where e is the amount of current in coulombs, 7t is 
the electromotive force in volts, and E is the electrical 
work the unit of which is the watt-second, equal to 

237 
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the volt-amp^re-second, i.e., equal to 10* absolute 
units. I watt-second is the electrical work done when 
I ampere flows at the potential i volt for i second. 

To find the heat equivalent of electrical energy: 
Since the latter is equal to i volt X i coulomb or 10^ 
absolute units, we have 

— — = 0.2394 cal., 

42600 X 980.1 

I.e., I watt-second = 0.2394 cal. 

+ 
To separate i gram of H ions we need then the 

amount of work 

e X 96540 X watt-seconds = 96540 X 0.2394 X 2 

= 2311O6 cals., 

where e is the electromotive force of the current giv- 
ing 96540 amperes per second. 

If all electrical energy is transformed into heat, then 

where A is the amount of heat and k is the heat 
equivalent of electrical work. 

80. Faraday's law. — This, with the theory of solu- 
tion and electrolytic dissociation, is the basis of all our 
work in electrochemistry. The law may be expressed 
as follows: 

All movement of electricity in electrolytes takes place 
only by the concurrent movement of the ions in such a 
way that equal amounts of electricity cause chemically 

equivalent amounts of the different ions to separate. 

+ 
One gram equivalent of H ions carries with it 96537 



I coulo 



ELECTl^OCHEMrsTR Y. 239 



coulombs of electricity, as has been determined by ex- 
periment. One coulomb causes, then, 0.0,1036 gram 
of hydrogen ions to separate; hence it will cause 
0.0,1036 X « grams of any other element to separate, 
where a is the equivalent weight of the element. 

81. The migration of the ions, — AH electrolytes, 
as has already been stated, contain ions which are 
charged with enormous amounts of electricity. The 
electrodes become charged by the current which passes 
to them and attract or repel electrostatically the 
charged ions in the solution, since like charges repel 
and unlike attract one another. The ions, then, are 
separated in this way and gather around the electrode. 
As soon as the difference of potential of the two elec- 
trodes becomes great enough, the ions give up their 
charges and assume the ordinary state of elements. 
In the case of the conduction of a current by a metal, 
it is necessary for equal amounts of positive and nega- 
tive electricity to go in opposite directions. In elec- 
trolytes this was found by Hittorf to be unnecessary. 
It is always necessary, however, for the solution to 
contain equal amounts of positive and negative ions, 
and as long as this condition is fulfilled the conduc- 
tion may take place by the movement of equal or 
unequal amounts of the positive and negative ions. 
If the unit quantity of electricity is passed through the 
solution, then 1/2 may be transported by negative 
ions and 1/2 by positive ones, or 3/4 by negative and 
'A ^y positive, etc. In other words, it has been 
found that the ions are moved with varying velocities 
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by the current. The above relations are shown by 
Fig. 14, where- the white circles (negative ions) move 
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Fig. 14. 

twice as rapidly (and consequently twice as far) as the 
black ones (positive ions).^ The distances u and v 
represent the number of ions of each kind which have 
been moved. The relation between the two numbers, 
i.e., the loss and gain of the ions on each side, will 
give, then, the relative velocity of migration of the 
two ions. 

In this way we can find the relative velocity of 
migration of any ion. The following consideration 
will make this quite clear: Assume the vessel in Fig. 

X C D B 



Fig. 15. 

IS to be divided into three portions, ACy CDy and DB^ 
and filled with a solution containing 30 gram equiv- 

♦ Here six equivalents of the substance have been separated 
upon the electrodes. Of these four are missing from the left 
side, while only two are missing from the right side. 
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alents of HCI, We have, then, 10 gram equivalents 
in each division. If 96537 coulombs of electricity are 
passed through the cell from A to £, 1 gram equiv- 
alent of H ions and r gram equivalent of CI ions will 
be separated upon the electrodes B and A. These 
gases we assume to be removed as they are formed. 
These 96537 coulombs pass through the whole solu- 
tion and have a certain effect upon the equilibrium of 
the ions. First we will imagine the H and CI ions to 
move with the same velocity and then with differing 
velocities, and find the relation between the change in 
concentration and the relative velocities. 

I. If the velocity for each ion is the same, then 1/2 
gram equivalent of CI ions, charged with 48268 cou- 
lombs, will migrate from BD through DC to CA ; and 

+ 
1/2 gram equivalent of H ions, with the same amount 

of electricity, will go from AC through CD to DB. 
Altogether i gram equivalent, charged with 96537 
coulombs, has passed through the section CD. Since 

+ 
I gram equivalent of H ions has been removed by 

decomposition from BD and 1/2 gram equivalent has 
migrated to it, we have left 9^ gram equivalents of H 
ions and gi gram equivalents of CI ions, since but t/2 
gram equivalent of this has migrated from it. Con- 
sequently we have in BD g^ gram equivalents of 
HCI. In AC we have the same number, since i gram 
equivalent of CI ions has disappeared and 1/2 gram 
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equivalent has migrated to it and 1/2 gram equivalent 

+ 
of H ions has migrated from it. In the section DC 

the concentration is unaltered, i.e., just as many ions 

have left as have been carried to it. 

The concentration of solution left upon the two 

sides is, then, the same for solutions containing two 

ions which possess equal velocities of migration. 

+ 
II. Assume the velocity of the H ions to be five 

times that of those of CI. 

In this case after i gram equivalent of H and i gram 
equivalent of CI have separated in the gaseous state 
the whole system will have suffered a change. 5/6 

of a gram equivalent of H ions, charged with 
1(96537) coulombs, will migrate from AC through 
DC to BD, and 1/6 of a gram equivalent of CI ions, 
with ^(96537) coulombs, will go from BD through 
CD to AC Altogether, as before, i gram equivalent 
of ions will go through the section CD, carrying with 
it 96537 coulombs of electricity. 

The original composition of the solution in CD is 
again unchanged. In BD we have lost i gram equiv- 

alent of H ions in the form of gas, and gained 5/6 of 
a gram equivalent by the migration ; consequently we 

have 9f gram equivalents of H ions left. 1/6 of a 

gram equivalent of CI ions has migrated, so that in 
DC we have 9I gram equivalents of HCl. 
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In ^Cwe have lost S/6 of a gram equivalent of \\ 

ions and i gram equivalentof CI ions as gas, but have 

gained l/6 of a gram equivalent of CI by the migration ; 
consequently we have 9J gram equivalents of HCl left. 
From these two examples the following law may be 
deduced : The loss on the cathode {i.e.. BD) is related 
to that oil the anode {AC) as ike velocity of migration 

+ 
of the anion (CI) is to that of the cation (H). 

In this way Hittorf determined the relative velocity 
of migration of the different ions. 

At first glance it would seem that if one ion moves 
more rapidly than the other one side would be posi- 
tive and the other negative; but the consideration on 
page 220 shows that this is not so, and that both 
sides remain neutral. The one difficulty confronting 
us is to account for the separation of more ions than 
are sent to the electrode. This is actually the case, 
however, and it is probable that around the electrodes 
in each liquid there is a greater concentration of ions 
than in any other place, 

82. Determination of the relative velocity of mi- 
gration. — The practical determination of the relative 
migration velocity is merely a matter of analysis. The 
apparatus which is used for this purpose is a decom- 
position-cell, so arranged that no metal can drop from 
one electrode to the other. The apparatus is filled 
with solution and the current passed through for a 
certain length of time; the electrodes are of the metal 
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which is contained in the salt. After a certain time 
one half the liquid is drawn off and a definite amount 
of it analyzed. This analysis will give us the loss of 
metal on the one electrode, from which that on the 
other may be calculated. 

If n is the fraction of the cation which has migrated 
from the anode to the cathode when one gram equiva- 
lent has been separated, then i — ;/ is that fraction of 
the anion which has gone to the anode. These two 
quantities ;/ and i — n are called the transference- 
numbers of the cation and anion. We have then 

n __ loss at anode _ u 
\ — n loss at cathode v ' 

where u is the velocity of migration of the cation and 
V that of the anion. 

The relative velocity of migration is the distance 
covered by one ion divided by that covered by both, 
i.e., the sum of the two distances; and this is what 
we determine here, for the distances covered are, of 
course, proportioned to the amounts transported. 

An example will make the determination of this 
clear: Hittorf electrolyzed a solution of AgNO, until 
1. 2 591 grams of Ag were separated. A certain volume 
of liquid from the cathode gave before the experiment 
17.46249 grams of AgCl, and after it 16.6796 grams of 
AgCl, i.e., a loss of 0.7828 gram of AgCl or of 0.5893 
gram of Ag. 

If no Ag had come to the cathode by migration, 
the solution would have lost 1.2 591 grams of h.^\ \t 
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lost, however, only 0.5893 gram; hence 1.2 591 — 
0.5893 = 0.6698 gram Ag has come to it by the 
migration. If just as much of the Ag had come by 
migration as had been separated, the transference- 
number of the Ag would have been i, i.e., the NO, 
ions would not have migrated. Only 0.6698 gram of 
Ag has migrated, however; hence the transference- 
number for the Ag in AgNO, is found from the pro- 
portion 

1. 2591 : 0.^698 : : I : jr = 0.532. 

The transference-number of the NO, ions is then 

I — 0.532 = 0.468. 

Constant results are only obtained here after the 
concentration has become small enough to prevent the 
influence of the undissociated molecules — then further 
dilution has no effect. 

Constant temperature is also necessary, for an in- 
crease seems to cause the velocities to become equal- 
ized. 

The nature of the solvent has also a great influence 
upon the velocities of migration. 

If one ion is divalent, then the ratio gives the 

relation of one ion of the divalent element (two 
charges) to two ions of the monovalent one, 

A table containing a large number of results from 
experiments of this sort is given by Kohlrausch,* a 

* Wied. Ann., LV., 287 (1893). 
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few of which follow in Table XVI, and the student is 
referred to them for further information. 

Table XVI. 

hittorf's transference-numbers for the anions. 

Solutions i/io equivalent normal. 



Substance. v 

1/2 KflS04 0.60 

1/2 CUSO4 o. 64 

1/2 H1SO4 0.2I 

1/2 K«CO 0.37 

1/2 NaiCO 0.48 

1/2 LiflCOi 0.59 

KOH 0.74 

NaOH 0.84 

KCl 0.507 

NaCl 0.63 

LiCl 0.70 



Substance. v 

NH4CI 0.508 

1/2 BaClfl o. 6z 

1/2 CaCli 0.68 

1/2 MgCl, 0.68 

HCl 0.21 

KNO, 0.50 

NaN03 o.6x 

AgNOs 0.526 

1/2 CaNOs o.6r 

KClOs 0.46 



B. The Conductivity of Electrolytes. 

83. The specific conductivity. — In measuring the 
electrical conductivity of a solution we obtain results 
in two different units: one refers to the same amount 
of all solutions, the specific conductivity; the other 
refers to equivalent molecular amounts, the molecular 
conductivity. 

The unit of conductivity is the conductivity that a 
column of a length of i cm. and a cross-section of i. 
cm ' possesses when its resistance is one ohm. The best 
conducting aqueous solutions of strong acids have this 
conductivity at about 40°. The conductivities based 
on this unit are designated by x. Until a short 
time ago all conductivities were given in terms of the 
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conductivity of mercury as a unit. Since a cubic cen- 
timeter of this has a resistance of 1/10630 ohm, the 
results based upon this unit are 10630 times greater 
than X^ i*c., if k is this unit, 

X = 10630^6. 

The temperatures / are measured by the hydrogen 
thermometer, and at room temperatures those meas- 
ured with a mercury scale are a few hundredths too high, 

84. The molecular conductivity. — Since the con- 
ductivity of a solution depends almost exclusively 
upon the amount of substance dissolved, it is more 
convenient for us to obtain results which refer to 
equivalent amounts of the latter. 

The molecular conductivity of a substance is the con- 
ductivity of the solution which contains a tnol of sub- 
stance, the electrodes being i cm. apart and large enough 
to contain between them the entire solution. This can 
be found by dividing X by the number of gram-mole- 
cules per cubic centimeter, or by multiplying X by the 
number of c.c. in which i mol is dissolved ; or when V 
is the volume in liters occupied by i mol we have 

X X 1000 X y= Mx- 
The value of the molecular conductivity as found 
by Ostwald, based upon mercury, is related to M^ as 

follows : 

Mx = 1.063/i^. 

The equivalent conductivity is that referred to a 
solution containing i equivalent instead of i mol. 
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For monovalent substances these two values are the 
same. 

85. Determination of electrical conductivity. — 
Since the degree of dissociation of electrolytes can be 
determined by aid of the conductivity, the method is 
one of great importance. The apparatus used for this 
purpose as designed by Kohlrausch is shown in Fig. 
16.* The arrangement is the same as that used for 
determining the resistance of metals, with the excep- 
tion that an alternating current is produced by an in- 
duction-coily and a telephone-receiver is used instead 
of the galvanometer to show when the resistances on 
the two sides of the bridge are the same. The alter- 
nating current is used to prevent actual decomposition 
of the solution, which would decrease its concentration 
continually and cause polarization of the electrodes. 




In this way all substance which is deposited by the 
current in one direction is redissolved by it in the 
opposite direction, and all polarization effect is nulli- 



* For details see Ostwald, Handbook of Phjsicochemical 
>|easun:incnts, M^cmUlan v^ Co. 
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fied. y is an induction-coil which is worked by a 
battery (not shown in the figure). The current passes 
through the bridge-wire add, the rheostat R, and 
the liquid resistance (to be measured) W which is 
kept at constant temperature. When the resistance 
R is in the same ratio to W as ad is to di no tone is 
heard in the telephone 7", i.e., no alternating current 
goes through the circuit cTd. We have then 

W: R\\ db\ ad\ 

W = R^^ 
ad 

The conductivity of the cell is then 

\ ^ ad 
W'^Rdb' 
which, when the electrodes have a cross-section of 
I sq. cm. and are i cm. apart, is equal to X^ the 
specific conductivity. 

It is not necessary, however, to have the electrodes 
of a particular size or distance apart, for this will 
simply introduce a constant factor in the equation 
which can be determined. 

If k is the factor, i.e., the one to transform our 
results into conductivity units, then 

^^^Rdb' 
or 

Vad . 

^^^Rdb^''^ 
where a is the reading on the left end of the bridge 
and b that on the right. If now with the electrode 
with which we are working we determine ad^ db, R, 
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and V (or a certain solution, and substitute for f* the 
value found at that temperature by Kohlrausch for 
a standard electrode, the equation can be solved for 
K. The solution generally used for this purpose is 
«/50 KCl, for which at i8°a-„ = 0.002397, ><„= 119.85, 
and at 25" x„ = 0.002765, f* = 138.54 reciprocal Sie- 
mens units. 

The form of the electrode is shown in Fig, 1 8, the con- 
nections being made by aid of the mercury in the glass 




Fig. iS. (Natural size.) 
tubes. The electrodes themselves are of Ft, which are 
coated electrolyticaliy with platinum-black, so as to do 
away with any difference ot potential between them. 
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86. General rules. — Since the ions are the carriers 
of electricity in solution, the molecular conductivity 
at any dilution divided by that at infinite dilution, 
i.e., when the substance is present only in the form 
of ions, will give us the degree of dissociation. We 
have then 

a =^-^. 

This conductivity at infinite dilution means simply 
that the molecular conductivity is not altered by 
further dilution. This maximum value for the molec- 
ular conductivity Kohlrausch found for a binary elec- 
trolyte to be equal to the sum of two single values^ one 
of which refers to the anion and the other to the cation. 
This law of the independent migration of the ions 
shows that conductivity is an additive property. The 
truth of this law is shown in Table XVII. 

Table XVII 

MOLECULAR CONDUCTIVITIES AT INFINITE DILUTION.* 

K Na Li NH4 H Ag 

CI 123 103 95 122 353 

NO 118 98 350 109 

OH 228 201 

CIO 115 103 

CflHsO« • * • • 94 73 * * • * * * * * ^3 

The differences of two corresponding numbers in the 
vertical rows, as well as of two in the horizontal ones, 
are nearly equal, which can only occur when the result 
is composed of two single and independent values. 



* 



At 18* C. expressed in old units k. 
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One kind of ion, then, always carries the same amount 
of electricity, independent of the nature of the other 
ion. 

The conductivity for any solution at infinite dilu- 
tion is 

/< = ^(« + «')» 

where ^ is a constant which depends upon the unit 
chosen for u and v^ the velocities of the two ions. 
The ratio of the velocities is known for any one solu- 
tion from Hittorf*s results; hence we can calculate the 
conductivity from them. We have 



But 



>&(« 


+ 


V) 


*~™ 


: /i«,. 


u 


= 




n 


_^ . 


V 


I 


— 


«' 



hence 

z;^ == (i — «);!«, 
and 

If we express u and v in units of conductivity as 
well as /i, k will be equal to i ; hence 

z; = (i - n)iA^ ; 

An example of this will show the method: The 
molecular conductivity of NaCl at infinite dilution /^^ 
is I lo, n from Hittorf's results for NaCl is equal to 
0.380; hence i — ;^ = 0.620, and in terms of conduc- 
tivity we have 
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«(Na) = 0.38 X iio = 4k8* 



and 



z<Cl) = 0.62 X 1 10 = 68.2* 



This 39.14 is the molecular conductivity of a solution 
of Na ions, while 63.86 is that for a solution of CI 
ions. 

In all solutions in the same solvent these values 
remain constant, so that it is possible for us to calcu- 
late what the conductivity should be for any solution 
at infinite dilution. This is of great use, for it is not 
always possible for us to reach this limiting value in 
the experiment, or if possible it is accompanied by a 
large error. 

A few of the average values of the velocities of 
migration, expressed in units of conductivity, as 
determined in several ways, are given by Kohlrausch 
and are reproduced in Table XVIII. 

From these results, then, it is always possible to find 
the conductivity of any solution at infinite dilution 
by simply adding the values for the ions, as given in 
the table. If the dissociation is not complete at a 
certain dilution, then it is possible to calculate just 
what the molecular conductivity will be. Since only 



* These values are not constant with the dilution; those here 
given are for a finite dilution, those at the bottom of the page 
being for the infinitely dilute state. 
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Table XVIII. 

VELOCITIES OF MIGRATIONS EXPRESSED IN UNITS OF 

CONDUCTIVITY.* 



K = 65.3 
H = 318 



NO, 


^ 


60.8 


OH 


=: 


174 


Nt 


ss 


44.4 


+ 

Ag 


= 


55.7 


do. 


=: 


56.2 



Li 


= 35.5 


ci 


= 65.9 


JSO* 


= 69. 7t 



NH4 = 64.2 
f = 66.7 

CHaO, = 33.7 



♦/= i8'C. 

f Not to be used for HsS04. 

the ions conduct the electricity, the molecular con- 
ductivity for any dilution will be 

where oi is the degree of dissociation at that dilution, 
i.e., the fraction of the total amount of substance 
which is present in the form of ions. 

87. The conductivity of organic acids. — The de- 
termination of the dissociation constant of organic 
acids, already mentioned, is very easily made by aid 
of the conductivity. 

The formula 



a' 



(i-«) 



= KV 
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can be easily transformed into one in which the known 
terms are conductivities by aid of the relation 





a = ^ 
M, 


We find then 






(M.y 




M„ (/<» - Mv) 



= KV. 



The strength of the acid depends upon the size of 
this term K. It has been determined for all acids by 
Ostwald, and some of his results will be found in 
Table VII, already given. For inorganic acids, for 
which Ostwald*s dilution law does not hold, we can 
use Rudolphi's or van't Hoff*s equation. We have 
then 



©■ 



const. = ^-^ 



or 



const. = 






The molecular conductivity, when the acid is weak, 
is to be found from x found experimentally minus 
Xu^o for the water used, since these two terms in very 
dilute solutions are of the same order. 
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88. The relative velocity of migration from the 
conductivity. — The molecular conductivity can be 
determined from the ionic velocities, and hence from 
the conductivity we can determine velocities which 
would not be possible to find in any other way. 

Most neutral salts are largely dissociated, and hence 
we can reach experimentally the value for infinite 
dilution, i.e., the maximum molecular conductivity. 
If the velocity of one ion is known, that of the 
other then may be readily calculated. This has been 
done by Bredig.* He finds, in general, that the 
more complex the ion is the more slowly it migrates; 
for example, a polymeric ion migrates more slowly 
than the simple one. Further, the constitution of the 
ion seems to have an influence, for metameric ions do 
not always migrate with the same speed. A few 
velocities determined from the sodium salts (i.e., 
11^ — «(Na)) are given in Table XIX. 

Table XlX.f 

VELOCITY OF MIGRATION OF THE ANION V IN UNITS OF CONDUCTIVITY. 

Formic acid t/ = 55.9 

Acetic acid v = 43. i 

Monochloracetic acid v =. 42.0 

Dichloracetic acid Z' = 40. i 

Trichloracetic acid v •=■ 37.5 

Propionic acid v ■=. 39.0 

Butyric acid 7^ = 35.4 

Isobutyric acid v ^ 35.6 

*Zeit. f. phys. Chem., XIII. 191, 288 (1894). 
f These values are based upon k» 
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S9. The absolute velocity of migration of the 
ions. — Thus far we have considered only the relative 
velocity of the ions, or else their velocities in terms of 
the amount of current which they can transport ; now, 
however, we shall consider the actual velocity in 
centimeters per second with which they go through the 
solution. 

Imagine two electrodes i cm. apart which have a 
difference of potential equal to I volt, and assume 
between them a solution containing i mol of positive 
and 1 mol of negative ions. In i second the amount 
of electricity e will go over. Each mol of ions will 
transport 96537 coulombs of electricity; hence the 

ratio -2 will give the fraction of the distance, 

96537 

I cm., which each ion has traversed in i second, i.e., 

the velocity in centimeter-seconds. By Ohm's law 

^ = ^ 

r 

where E is the current strength, v is the electromotive 
force, and r is the resistance. Since z/ = i in this 
case, we have 

I 
"^ r' 

But — is the conductivity; hence instead of 6 we may 
use the molecular conductivity of the solution, i.e., 

96537 96537' 
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If 96537 coulombs had passed over the total num- 
ber of ions would have covered i cm. This is possibly 
hard to grasp at first, but the following consideration 
will make it clear. Before the current is passed 
through, the positive and negative ions will be linked 
together by electrostatic attraction. The current will 
separate these and they will go in opposite directions, 
so that the sum of the two distances covered will be 
I cm. If the two are in the centre each will traverse 
1/2 cm ; if near one electrode the one will have to 
go further than the other, so that the sum will still be 
I cm. 

The molecular conductivity of a 0.000 1 normal 
solution of KCl at 18° (in reciprocal ohms) is 128.9;* 
hence the distance covered by the sum of the two 
ions is 

128.9 

—' 0.001345 cm. per second; 



96537 



i.e., two ions which are together at the beginning 
of the experiment will be separated at the end by 
0.001345 cm. This total velocity is made up of the 
two single velocities. By Hittorfs experiments the 
relative velocities of K and CI ions in KCl are in the 
ratio of 49 to 5 1. Hence K has a velocity of 0.00066 
cms. per second and CI has a velocity of 0.00069 ^^^s- 
per second. 



* These values are all calculated from the old valueof /i^; the 
new values, however, would cause but a very slight change. 
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in a o.oooi normal solution at 18° for a potential 
difference equal to i volt. 

Some other absolute velocities as given by Kohl- 
rausch are reproduced in Table XX. 

Table XX. 

ABSOLUTE VELOCITY OF THE IONS AT 18* IN CMS. PER SECOND. 



K = 0.00066 


H = 0.00320 


NH4 = 0.00066 


CI = 0.00069 


Na = 0.00045 


NOs = 0.00064 


Li = 0.00O36 


ClOs = 0.00057 


Ag = 0.00057 


OH = 0.00181 


CuOi = 0.000473 


Cu = 0.00031 



From these results it is also possible to find the 
molecular conductivity either at infinite dilution or at 
any other dilution. For infinite dilution we have 
simply 

-^*— = u A-v in cms. per second, 
96537 ^ F , 

or for any other dilution if a is known pi^ can be cal- 
culated from 

ai--^^— ) = o[{u + v) in cms. per second. 

It has been possible to prove the correctness of 
some of these results by experiment. Whetham*s 
method for this purpose is as follows: If we consider 
the boundary-line of two equally dense solutions which 
contain a common colorless ion, but which are colored 
differently, and call the salts AC Sind BC, then when 
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a current passes through the boundary-line the C ions 
go in one direction and the A and B ions in the other. 
If the A and B ions are the cations, then the color 
boundary will move in the direction of the current, 
and its velocity will be equal to the velocity of the ion 
which causes the change of color. In this way the 
velocities for Cu, Cr,0„ and CI were determined in 
centimeter-seconds. Table XXI compares the values 
thus found with those calculated by Kohlrausch. 

Table XXI. 

COMPARISON OF ABSOLUTE IONIC VELOCITIES. 

T Whetham, Kohjrausch, 

***"• by Experiment.* Calculated. 

Cu 0.00026 0.00031 

0.000309 
CI 0.00057 0.00069 

0.00059 

0.00047 
CfiOt 0.00048 0.000473 

0.00046 

Considering all the difficulties in both cases, the 
agreement is remarkably close, and proves that our 
idea of the conduction of the current is the correct 
one. 

90. The basicity of an acid. — For all binary organic 
acids the formula 

A^ (yW» — Mr) y 

holds strictly. For dibasic acids this is also true 

*JZeii. f. j)hys. Chem., XI., 220(1893), 
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when the dissociation is not more than 50^, i.e., all 
dibasic organic acids under these conditions give off 
only one ion of H. In the case of the neutral salts of 
these acids, however, the dissociation into more than 
two ions takes place at a much smaller dilution. The 
difference of conductivity, then, between two dilutions 
for a neutral salt must be greater for a polybasic acid 
than for a monobasic one. Ostwald has made use of 
this fact for a method of determining basicity. He 
found empirically that the Na salt of a monobasic acid 
gives a difference in molecular conductivity at z/ = 32 
liters and v = 1024 liters of approximately 10 units, a 
dibasic one of 20 units, etc. Hence to find the 
basicity of an acid we have only to find the molecular 
conductivity of its Na salt at 32 and 1024 liters dilu- 
tion; then «, the basicity of the acid, is given by 

7^ = — (see Table XXH). 

Table XXII. 

VALUES OF A AND ft FOR SODIUM SALTS OF ORGANIC ACIDS. 
Acid. A M = •^ 



xo 



Formic 10.3 i 

Acetic 9.5 I 

Propionic 10.2 i 

Benzoic 8.3 i 

Quininic 19.8 2 

Pyridin-tricarboxylic (i, 2, 3) 31.0 3 

(1,2,4) 29.4 3 

Pyridin-tetracarboxylic 41.8 4 

Pyr.idin-pentacarboxylic 50.1 5 
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4- 

Polybasic acids give off first one ion of H, and a 
certain constant is found. Next another ion is given 
off and another constant found regulating its formation, 
and so on until the ionization is complete. We have 

4- 

then a constant for each H ion given off. Thus if H,A 
is the acid, we have the reactions 

H.A = H + h7a, 
h7a = H + HA, 

HA = H + A, 

and for each reaction we have a K value. 

91. The conductivity of neutral salts. — Another 
empirical law allows us, from the molecular conduc- 
tivity of a neutral salt at one dilution, to determine it 
for any other, provided the salt is largely dissociated, 
i.e., if ^^ is not very different from /^^. The relation 
observed is as follows : 

or 

where ;/, and «, are the valences of the anion and 
cation respectively, and c^ is a constant for all elec- 
trolytes. When c^ is known for all dilutions, and also 
the terms /'^, ;/,, and n^j then we can find the value of 
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pi^t i.e., the molecular conductivity at infinite dilution. 
If we designate n^, n^. c^ by d^y then 

/*« = /^. + ^.. 

Table XXIII gives the value of d^ for different 
dilutions and values of n^ . », at 25^. 

Table XXXIIL* 

Valence, *»i , n^ d^i d^^ ^si« ''•i* ^1094 

I II 8 6 4 3 

2 21 16 12 8 6 

3 30 23 17 12 8 

4 42 31 23 16 10 

5 53 39 29 21 13 

6 60 48 36 25 16 

♦These values refer to /<*. 

This, as before mentioned, holds only for salts 
which are largely dissociated. 
92. The dissociation of water. — The ions of water 

are H and OH, i.e., to a very slight degree it is a 
binary electrolyte. The conductivity of a specially 
purified water was found by Kohlrausch to be 



-• .0 



0.014 . 10 at o C. 
0.040 . io~ at 18** 



-• o 



0.055 . 10 at 25 



264 ELEMENTS OF PHYSICAL CHEMISTRY. 

0.084. IO~* at 34** 
0.17 . 10"* at 50° 

One mm. of this water at 0° has a resistance equal 
to that of a copper wire of the same section and 
40000000 kilometers long, which is long enough to go 
around the earth a thousand times. 

From this conductivity the degree of dissociation is 

4- 
easily determined. One mol of H ions has a conduc- 
tivity equal to 318 units (in a previous table), while 

I mol of OH ions has one equal to 174; hence the 
maximum molecular conductivity of water should be 
/i^ = 318 + 174 = 492 if completely dissociated. 
That of a liter between electrodes I cm. apart would 
be at 18° 10" times as large as 0.04 X 10 



.— • 



0.04 X io~" X lo* = io~" X 0.04; 



hence 



0.04 X 10 
492 



= o.8x 10 



— T 



which is the concentration of H and OH ions in mols 

per liter at 18**, or there are 17 grams of OH and i 

-f 
gram of H ions in 12000000 liters of water. 

93. The temperature coefficient — According to 
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Kohlrausch, the conductivity varies with the tempera- 
ture as follows : 

where /? is the temperature coefficient, or the change 
in conductivity for i" C. We can find /3 by experi- 
ment from the equation 



/3= ^'~ ^" 



M,Xf - 1 8)' 



Substances with small molecular conductivities 
usually have large temperature coefficients. Most of 
the strongly dissociated salts have a value for /? equal 
to 0.025 ; the molecular conductivity changes 2^^ for 
each degree. 

This temperature coefficient depends upon several 
factors. The internal friction of the solvent changes, 
as well as the degree of dissociation and the^velocity 
of migration. It is only possible to obtain a negative 
coefficient when the dissociation decreases enough to 
more than compensate for the increase in the'velocity 
due to the diminished friction ; consequently all such 
substances must have negative heats of dissociation. 

94. Conductivity of difficultly soluble salts. — The 
saturated solution of any insoluble salt is so dilute 
that we may assume complete dissociation, /i^ =/<», 
and we have 
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Vad 



or, if )w^ is determined, 

bd 



Rbd' 



kad 



where V gives us the solubility of the salt, i.e., the 
number of liters in which one mol is dissolved. Or 
in terms of conductivity we have 



and 



Affound ^H,0 — "^f 



/^« =A: X lOOoF; 



K= ; 



C = >, = — —r^ — s mols per liter. 



This method has been used by Hollemann* and 

Kohlrausch and Rose+ with very good results. In 

this way a number of solubilities have been deter- 
mined. Thus 



♦Zeit. f. phys. Chcm.. XII., 12$ (1893). 
\Ib%d., 234(1893). 
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I part BaSO^ dissolves in 429700 parts H,0 at 16° . i C, 
I part SrSO^ dissolves in 10070 parts H,0 at 24° .2 C, 
I part BaCO, dissolves in 45566 parts H,0 at 24° .3 C, 
I part SrCO, dissolves in 91468 parts H,0 at 24° .3 C. 

BaSO^ is of course so insoluble that it is impossible 
to find its term l^^ by experiment. Its value can be 
found from the general equation 

where M and J/, represent metals and ^and X^ nega- 
tive radicles. 
Thus from 

iBaCl, /f,^ = 115 ) 

KCl = 122 M8" 
i K SO, = 128 ) 

we have 

//« = 115 + 128 — 122 = 121. 

This value could also be found from the table illus- 
trating Kohlrausch's law of the independent migration 
of the ions, of which it is an application. 

95. Other solvents than water. The dielectric 
constant and dissociating power — According to 
J.J. Thomsen and Nernst, there is a relation between 
the dielectric constant of the solvent and its power of 
dissociating dissolved substances. The dielectric con- 
stant is determined by placing the substance between 
two plates between which there is a certain potential 
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difference, and measuring their loss of potential. Air 
is used first between the plates, and then the substance 
to be determined. The factor which we measure is 
the specific induction capacity of the liquid for elec- 
tricity referred to air as ia standard. Table XXIV 
gives the dielectric constants of a number of solvents 

Table XXIV. 

Benzene 3. 34 

Ether 4.25 

Amyl alcohol 16.05 

Ethyl alcohol, 99.8^^ 25.8 

Water 79.6 

As will be observed, the constant for water is higher 
than for any of the other solvents, and its dissociating 
power is also greatest. 

The latest theory as to the relation between the 
dielectric constant and dissociating power is by 
Briihl.* The dielectric, i.e., the solvent, acts just as 
the glass in a Leyden jar and prevents the ions from 
neutralizing their charges. The greater the dielectric 
constant, then, the greater the amount of free ions 
which may exist in the solution. This connection 
between the dielectric constant and dissociation as 
found by electrical and other means may be con- 
sidered as almost a perfect confirmation of the theory 
of dissociation into charged ions. 



* 



Zeit. f. phys. Chem., XXVII., 319 (1898). 
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The solvents as a rule contain but a very small por- 
tion of ions themselves, as has already been shown for 
water. 

As to the formation of ions in solution, it does not 
necessarily take place with a consumption of energy. 
All we know is that the atoms undergo a transforma- 
tion of energy oE such a nature that electrical energy 
is produced. Because substances dissolve and go into 
the ionic state with a loss of heat energy, does not 
show that there is a loss of energy to the system, but 
only that by the transformation heat energy as well 
as electrical energy is given up. 

In Table XXV * is given the dissociation of a num- 
ber of substances as determined by the conductivity. 





Table 


XXV 






SOCIATION IN NORMA 


L soLtmoN. 




(a) AHds. 






a = „<,G 




P(OH), 


= 0.46 




14 




Oxalic 


= o.as 


= 


94 




H.PO. 


= 0.08 


= 


94 




Tariaric 


= 0.06 


= 


94 




Malic 


= 0.04 




90 




Lactic 


= 0.03 


= 


7S 




Formic 


= 0.03 


= 


73 




Acetic 




= 


66 




Butyric 


= 0.01 


= 


60 









H,5iFI, 
HIO, 
H.SeO. 
H,SO, 

■This table la inlroduced more on account at its historical 
itllerest— being ihe first one published (1887) by Arihenius— than 
for its accuracy- The true values may be calculated from ihc 
relation ^-—, as given for most substances in Ostnald's Lehrbuch 
ti. Allg. Cheni., Vol. II, and 10 Das LeitvermHgen dcr Elektrolyie 
Koblrauscb and Holborn. 
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(^) Bases, 



KOH, a 


= 0.93 


NH,(CH,) 


= 0.03 


N(C,H.)40H 


= 0.92 


NH, 


= O.OI 


TIOH 


= 0.90 


Sr(OH)a 


= 0.86 


NaOH 


= 0.88 


Ba(OH), 


= 0.84 


NH,(C,H.) 


= 0.04 


LiOH 


= 0.83 


NH,(C,Ht) 


= 0.04 


Ca(OH), 


= 0.80 




(c) Salts. 




KI. a 


= 0.92 


ZnCl. 


= 0.70 


BaCla 


= 0.77 


K,CO, 


= 0.69 


KBr 


= 0.92 


K,SO« 


= 0.69 


KCN 


= 0.88 


Ca(NO,) 


= 0.69 


AgNO, 


= 0.88 


K-oxalate 


= 0.66 


KCl 


= 0.86 


Na,SO« 


= 0.62 


NH4CI 


= 0.84 


Sr(NO,), 


= 0.62 


KCIO, 


= 0.83 


Na,CO, 


= 0.61 


K-acetate 


= 0.83 


(NH4)3S04 


= 0.59 


K-formate 


= 0.83 


Ba(NO,), 


= 0.57 


NaNO, 


= 0.82 


Pb(NO,), 


= 0.54 


NaCl 


= 0.82 


MgS04 


= 0.40 


KNO, 


=s 0.81 


ZnS04 


= 0.38 


NH4NO, 


= 0.81 


CaSO« 


= 0.35 


Na-acetate 


= 0.79 


FeS04 


= 0.35 


SrCla 


= 0.75 


CdS04 


= 0.35 


CaCl, 


= 0.75 


Cu-acetate 


= 0.33 


LiCl 


= 0.75 


Cdl, 


= o.aS 


Cd(NO,), 


= 0.73 


HgCU 


= 0.03 


MgCl, 


= 0.70 







C. Electromotive Force. 

96. 'Determination of the electromotive force. — 

During the last few years the theory of the voltaic cell 
has been developed upon the basis of the theories we 
have already discussed, so that in many cases the 
determination of the electromotive force becomes of 
great importance. 

It is assumed that the student is familiar with the 
ordinary methods for the determination of this factor. 
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as used in physics, so that here we shall simply con- 
sider a new method, which is particularly adapted to 
our work by its accuracy and simplicity. The method 
is based upon the principle of compensation as used 
by Poggendorf. Instead of the usual galvanometer, 
however, we use the Lippmann electrometer as a zero 
instrument, the action of which is explained later. 
This is shown in Fig. !/• It consists of a small 




Fig. 17. 

U tube, one side of which {V) contains mercury, and 
the other a 10^ solution of H,SO^ in which a drop of 
mercury is placed in order to make the necessary con^ 
nections. The middle portion {a\ is a capillary tube 
in which the column of mercury is in contact with 
the H2SO4. This tube {a) is placed in the focus of a 
small microscope, which is provided with an eyepiece 
micrometer, so that the motion of the meniscus can be 
observed. If the two sides are at the same potential, 
the meniscus remains steady ; if, however, one side has 
a higher potential than the other, the surface-tension 
of the mercury changes and the column rises or falls. 
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Fig. 1 8 shows the arrangement of the apparatus and 
connections. Z, the primary cell (a Leclanch^), is 
connected to a resistance-box containing looo ohms 
arranged in two rows of 9 X 100 and 10 X 10 ohms. 
From the plugs of this box the wires connect with the 




Fig. 18. 

electrometer and the cell to be measured. In this 
way we take off any number of hundredths of a volt 
from the Leclanch^ until the cell to be measured (;r) 
is compensated. If n has a smaller E.M.F. than Z, 
the wire c may be connected directly with L and n 
measured directly. If n is greater than Z, then it is 
necessary to connect n with another but known 
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E.M.F., as shown in the figure, so that the difference 
is determined. The resistance Wis used for conve- 
nience to reduce the Leclanch^ to just i volt. The 
electrometer in Fig. 19 is simply a capillary tube con- 
taining mercury in contact with H,SO^. Naturally 
the action of this form and of the U-shaped one is the 
same. 

The E.M.F. of the primary cell is measured against 
a standard, which is placed at ;r, the plugs {i and a) 
being moved until there is no motion to the mercury 
column when the key (K) is pressed. An example 
will make this clear: The Leclanch^ cell when passed 
through 750 on the, box is equal to a i-volt cell at ;r. 
What is the value of the Leclanch^ ? 

We have 

.y^ox = I ; 
hence 

X =z 1.33 volts. 

Any other cell can now be measured by substituting it 
for the standard cell, i.e., in the position of tt. In 
this way it is possible for us to measure any elec- 
tromotive force up to 1.33 volts. 

The standard cells in general use in this work are of 
two kinds, one of which has a fixed constant value, 
while the other may be made up in such a way as to 
give one of several values. 

The former one is the Clark cell. Fig. 20, which 
consists of amalgamated Zn in a paste of ZnSO^ and 
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Hg in a paste of Hg,SO,. This cell gives an E.M.F. 
equal to 

1.434 — o.ooi(/ — 15°) volts. 




The Helmholtz element, Fig. 21, consists of Zn in 
ZnCl, solution (sp. gr, = 1.409 at 15°), calomel, and 
Hg. This gives an E.M.F. approximately equal to 
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I volt, but its exact value depends upon the sp. gr. 
of the ZnCl, solution so that it must be measured by 
comparison with a Clark. Its great advantage is its 
very small temperature coefficient, which at low tem- 
peratures may be neglected.* 

97. Types of cells. — Cells are either reversible or 
non-reversible, according as to whether the process 
can be reversed or not. A reversible cell can always 
be put in its original condition again by sending a 
current through it in the opposite direction, while with 
a non-reversible cell this is not possible. A typical 
reversible cell is the Daniell, where we have Cu in 
CuSO^ and Zn in ZnSO^. The Zn dissolves and Cu 
is precipitated during the action, but by passing a 
current through it from Cu to Zn the Zn is precipi- 
tated, while Cu is dissolved, until the original state is 
again reached. 

A non-reversible cell is any one from which a gas is 
given off, for the passage of the current cannot cause 
the gas to recombine. Here we shall consider prin- 
cipally the reversible type. 

98. Chemical theory of the cell. — The simplest 
theory of the action of a reversible cell was advanced 
by Helmholtz and Thomson. According to this, the 
chemical energy of the process is transformed com- 
pletely into electrical energy. This theory in the 
form in which it was advanced, however, has proven 

^ — -^^l Ml^-- — — !■■■ IM» ■■-■■■ . I l_,,..^ ^ 

* For further details of these measurements, cells, etc., sec 
Ostwald's Physico-chemical Measurements, Macmillan. 
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to be incorrect, for it holds only for the Daniell cell. 
The explanation of the variation in the case of other 
cells was offered by Gibbs and Helmholtz inde- 
pendently, who proved it to be due to the temper- 
ature. 

Assume a reversible primary cell in which the 
amount of heat q is liberated or absorbed when one 
equivalent of the ions has been carried from one side 
to the other. Imagine this cell in a temperature- 
bath so that the cell remains at constant temperature, 
— i.e., if heat is absorbed it is replaced, or if heat is 
liberated it is removed, — thus preventing q from caus- 
ing a change of temperature. 

If ;r, the E.M.F. of this cell, is just compensated by 
— ;r, the process will be in equilibrium. For two 
energies in equilibrium we have found the general 
equation 

cdi = c^dt^f 

where c and i are the factors of one kind of energy, c^ 
and /, those of the other kind. In our case the two 
kinds of energy are electrical and thermal, and we 
have 

e^dn = {s^ — s^)dT = -f^^ 

or 

dn 

which is the change in the E.M.F. of a cell caused by 
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the absorption or liberation of q cals. during the 
reaction. 

If now we pass 96537 coulombs of electricity 
through the cell, during which to keep the tempera- 
ture constant it is necessary to supply q cals., the 
electrical energy supplied must be equal to the chem- 
ical energy plus the electrical energy due to the heat 
q. We have then 

or, since £, = ne^y by dividing through by e, we have 

""^T. + ^df' 

or the actual E.M.F., n, is only equal to that calcu- 
lated from the chemical energy when dn = o, i.e., 
when the E.M.F. does not change with the tempera- 

ture. Otherwise tt is smaller or greater than — ^ 

dyr 
according as T^j^ is negative or positive. 

The Daniell cell has such a small temperature coeffi- 
cient that the electrical energy expressed in calories is 
nearly equal to the chemical energy. For other cells 
it is possible to determine the temperature coefficient, 
and thus from the chemical energy to calculate the 
E.M.F. of the cell. -The results by experiment and 
calculation agree in most cases within the experimen- 
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tal error, showing that the explanation of the variation 

of the formula is the correct one. We see from this 

that the amount of heat generated by the chemical 

process is no criterion as to the amount of electrical 

energy, for heat absorbed from the environment is 

also transferred into electrical energy. In other cases 

less heat is transformed into electricity than is given 

up by the chemical process. For the Grove cell we 

obtain the following results by appiying the equation : 

.£= 1.062 volts, qz=L 34200 cals. From q we find the 

q 
chemical energy as equal to ^ = = I-480F; 

hence 1.062 — i .480 = — 0.418 F= -p=. T. By experi- 
ment this is found to be — 0.416V. 

This theory also gives us little aid as to the actual 
cause of the difference of potential in a cell and, 
further, cannot be applied to cells where no chemical 
action takes place. For this reason the theory of the 
cell, as based upon osmotic work, which was advanced 
by Nernst and Helmholtz is of greater value, as it 
explains all cells and, besides, gives a physical con- 
ception of the process taking place at the electrodes. 
The following pages are devoted to the discussion of 
this theory, which is generally accepted to-day as the 
correct one. 

99. Electrolytic solution-pressure. — We have al- 
ready considered solution-pressure as referred to sub- 
stances going into solution, but this idea can be 
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carried over to the consideration of the elements, i.e., 
to their tendency to send ions into solution. Nernst 
ascribes to each element a certain tension, the electro- 
lytic solution-tensiony which causes it to send its ions 
into solution. This term, which is a constant for each 
element, had its origin as a constant of integration. 
Nernst applied to it this physical meaning, and it has 
become a very important factor in the ^theory of the 
cell. As it is used in connection with osmotic pres- 
sure, solution-pressure is to be preferred as a name, for 
it then retains the relation between the two actions. 

When we consider a stick of metal in a solution of 
one of its salts, we have, when P is the electrolytic 
solution-pressure and p is the osmotic pressure of the 
metal ions in the solution, three possibilities: 

1. P = p. 

2. P>p. 

3. P<P^ 

The behavior in these three cases we shall consider. 

1. Pzzzp. We shall observe no action, since the 
two opposing pressures are equal and consequently 
cancel. This is the class to which a metal in a satu- 
rated solution of one of its salts belongs. 

2. P> p* This is the case with Zn. Ions of Zn 
will go from the electrode into the solution, taking 
with them positive electricity. This will take place 
only to a very slight degree, for it would increase the 
positive charge of the solution. These positive ions 
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around the electoDde will be attracted to the plate, 
which is negatively charged owing to the loss of the 
positive ions. We have then, finally, the metal 
negative against the solution, and the electrode sur- 
rounded by a Helmholtz double layer. If positive 
electricity is given now to the metal, the double layer 
is broken up and more Zn will go into solution in the 
ionic form, but as soon as the current is stopped the 
double layer will again be found. 

3. P < p. This is true for Cu. A stick of copper 
in a solution of one of its salts will have ions of Cu 
from the solution deposited upon it, since the pressure 
toward the Cu is greater than that away from it. 
These ions take positive electricity with them, conse- 
quently the metal is positive against its solution. 
The double layer will also be found here, for the 
positive charge on the m_etal will attract the negative 
ions from the solution. In this case, however, the 
double layer will only be broken up when electricity 
is conducted away from the Cu, when the Cu ions 
will again precipitate and continue to do so until 
p =i Py when all action will case. Since I gram 
equivalent of ions carries with it 96537 coulombs of 
electricity, the amount of metal going in or out of 
solution may be infinitesimal and still cause the for- 
mation of a measurable amount of electricity. 

The relations of Cu and Zn in their respective solu* 
tions are shown in Fig. 21. 

The double layer is formed oh both. Until the Cu 
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and Zn are connected by a wire the equilibrium as it 
is will be undisturbed. When they are connected a 
current will go through the wire from Cu to Zn, i.e., 
Zn ions go into the solution, depositing an equivalent 





Fig. 22. 



amount of Cu ions upon the copper plate. The elec- 
tromotive force will then depend on the difference 
between the two values of Py p* being the same on 
both sides, and the amount of current will depend 
upon the number of gram equivalents of Zn dissolved 
and of Cu precipitated. 

The value of the osmotic counter-pressure, it will 
be seen, regulates the behavior of the metal, i.e.,indi-: 
cates whether it will dissolve or not. Thus Cu and 
Ag dissolve when KCu is added to their solutions: 
this means that the osmotic pressure of the ions in 
the solution is smaller than the solution pressure. 
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The presence of a layer of ions around the charged 
metal has been proven by Palmaer by an arrange- 
ment shown in Fig. 22. 

Drops of mercury are allowed to fall into a weak 
solution containing mercurous ions, metallic mercury 
being in the bottom of the tube containing the solu- 
tion. If now the double-layer theory is true, the 

drops of Hg as they form should have Hg ions 
deposited upon them, and this positively charged 
drop will then attract the negative ions, forming a 
double layer. When this drop reaches the mercury 
at the bottom it will unite with that, giving up its 

ions of Hg and of the negative radicle, and the con- 
centration of mercury salt will be greater at the 

bottom than at the top. Palmaer's experiments 

showed this difference in concentration to actually 

exist. 

Experiment has shown that the metals Na, K . . ., 
etc., up to Zn, Cd, Co, Ni, and Fe are always nega- 
tive against their solutions, i.e., P> p. 

The noble metals, on the contrary, are positive 
against their solutions, although in some few cases it 
is possible to get a solution in which P > p. In 
general, though, for the noble metals P < p. 

A negative element has exactly the same action 
except that, in general, as far as is known, P > p. 
Here, although P> pt the electrode is positive against 



w 
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the solution, for the negative ions formed from the 
electrode leave positive electricity behind. 

In genera!, the electrolytic solution-pressure de- 
pends upon the temperature, the nature of the solvent, 
and the concentration of the substance in the elec- 
trode (see later), 

100. The formula for the difference of potential 
between a metal and a solution of one of its salts. — 
It is possible from the conception of solution-pressure 
to derive a formula giving the value of the E. M. F. 
of a single electrode. This will depend upon the 
osmotic pressure of the ntetal ions working in the 
one direction and upon the electrolytic solution- 
tension working in the other. Since the ions go from 
one pressure to the other, a certain amount of work is 
done; this amount is always the same no matter in 
what form it appears, i.e., whether electrical or 
osmotic. 

When ions are transferred from the pressure P to 
the pressure /, the osmotic work done is equal to 



rRT''-f = RT I"'''*, 



from which, by integration, we obtain 



The corresponding electrical work, however, is »e., 
where n is the difference of potential between the 
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metal and solution, and e, is the amount of electricity 
carried by I gram equivalent of ions. We have then 



or 



ne. 


= 


P 

RTl^ 

P 


n 




RT P 

^, P 



From this we see that if ;r = o, P = /, which corre- 
sponds to experience. 

e^ for I mol of a monovalent ion is equal to 96537 
coulombs. We must, however, express both sides of 
the equation in electrical units. The electrical equiva- 
lent of heat is — ^ = 4.18. Since i? = 2 cals., the 
right side of the equation must be multiplied by 4.18 
in order to obtain our result in electrical units. We 

have then 

, , . 4.18. 2_, P 
96537 X<volts) = ^;^^riog-, 

or 

P 

n = 0.0575 log — volts at 17** C. 

P 

For a divalent element we must multiply e, by 2 ; 
hence if ;/ is the valence of the metal, we have 

/ \ 0.000198 _, P . 

(45) zr = -^^^S-Z volts, 

ft p 

or for negative ions 

o.oooi98_, P 0.000198 _, p - 

zr = ^^/ log— = y Iog-=: volts. 

n ^ p n ^ P 

If we consider a cell composed of two metals, each 
present in a solution of one of its salts, the difference 
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of potential may arise (1) at the place of contact of 
the two metals, (2) at the place of contact of the two 
solutions, and (3) and (4) at the points of contact of 
the two electrodes with their solutions. The first can 
be entirely neglected provided the temperature re- 
mains constant. The second, as will be shown later, 
is always small, so that we shall have to consider only 
(3) and (4). At 17° the E.M.F. of the cell will be, 
then, 

i c', , , 0-0575 . P 0.0S7S , P 

(46) ;r = (ff, — TT,) = — ^^ log - - — ^i-? log — volts, 

the minus sign being used because ions arc formed 
on the one side, and consequently must disappear 
upon the other, for there must always be an equal 
number of positive and negative ions in the solution, 

lOi. The Lippmann electrometer. — This instru- 
ment has already been mentioned, but the theory of 
it has not yet been considered, so that here we shall 
study its action. As a result of a large number of 
experiments Lippmann announced the following law: 
The surface-tension of mercury at its point of contact 
with dilute H^SO, is a steady function of the E.M.F. 
of polarization upon that surface. Helmholtz by use 
of his theory of an electrical double layer explained 
this process more completely. 

If Hg is brought in contact with dilute H,SO,, a 
small portion of oxide, which is always present upon 
the surface, dissolves, so that practically we have a 
dilute solution of sulphate of mercury in contact with 
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the mercury. The electrolytic solution-pressure of 
mercury is very small — so small, in fact, that the ions 
of Hg present in the solution are precipitated to a 
very slight extent upon the electrode. These posi- 
tive ions cause the mercury to become positive against 
its solution, and so the negative ions of the solution 
are attracted to the mercury, forming a Helmholtz 
double layer upon it. The bubble of mercury will 
now assume its largest surface, since the ions in the 
layer repel one another and become separated as far as 
possible. This flattening of the surface works against 
the surface-tension of the mercury. If now to this 
bubble of mercury negative electricity is supplied, its 
positive charge will decrease. By this the number of 
negative ions attracted by it will decrease, so that the 
surface-tension will become greater than the repelling 
influence of the negative ions, and the surface will be- 
come more spherical. If we continue to supply negative 
electricity to the bubble, we shall finally neutralize all 
the positive charge in it. The layer of ions will then 
go back into the liquid, and the surface-tension will 
reach its maximum, and the potential difference 
between electrode and liquid will be reduced to zero. 
If now more negative electricity is supplied to the 
bubble, it will become charged negatively and attract 
positive ions to it, and the bubble will again flatten, 
i.e., the surface-tension is again overcome. The Im- 
portant point for us, however, is that the potential 
difference is equal to zero for the maximum surface-ten- 
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sion. Since this is true, we shall have the maximum 
surface-tension when the mercury and HjSO^ are con- 
nected together with a wire. If now the acid and 
mercury are placed in the tube already illustrated, 
Fig. 1 8, and the two poles connected, the meniscus 
will remain in the same position. If, instead of 
connecting the two wires together, the two ends 
are connected with a compensated E.M.F., the mer- 
cury will not change its position in the tube, for both 
sides have the potential of zero. If a difference of 
potential does exist, the mercury will move in one 
direction or the other, and continue to do so until by 
compensation the difference becomes zero. A glance 
at Fig. 1 8 will show the principle of this. When the 
key K is up, both sides of the electrometer are con- 
nected. When the key is pressed down, the two 
electromotive forces in process of compensation are 
connected to the sides of the electrometer and com- 
pared. 

It is often convenient to measure each single elec- 
trode alone ; this is done by the aid of a normal clec- 
^trodc. One arrangement of this sort consists of a 
stream of Hg flowing into a solution of an electrolyte 
(KCl). If this is so fixed that the column breaks into 
drops just as it enters the electrolyte, the potential 
difference between the metal and solution is zero. 
If, for example, the mercury is positive against the 
solution, then each drop as it falls will carr}' with it 
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positive electricity until the two portions are of the 
same potential. 

If to the Hg of such an arrangement we connect the 
metal of a single electrode, connecting the liquids 
with a siphon, the electromotive force determined 
will be that of the one single electrode, since that of 
the other is equal to zero. 

This piece of apparatus is large and clumsy, so that 
for practical purposes we use a normal electrode, 
which gives a certain definite potential difference as 
measured against the mercury electrode. The elec- 
trode in general use is made up according to the scheme 

HgCl/normal KCl/Hg, 

which gives a difference of potential of — 0^56 volt, 
i.e., the metal is positive against the solution. Fig. 



^wr\ 




Fig. 23. 

22 shows the form of the cell. The syphon tube is 
so arranged that it is always kept full of nj\ KCl. 
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This dips into the liquid of the other electrode pro- 
vided they form no precipitate. In case they do a 
solution of n/i KNO, is used, into which the two 
siphons from the electrodes dip. The advantage of 
using KNOg as a connection is that the velocity of 
migration of the K and NO, ions is nearly the same; 
hence the passage of the current produces no change 
in the concentration at the two sides which would 
cause a difference of potential. 

An example of the use of this electrode in measur- 
ing the E.M.F. of any other is given by the following: 
For a combination in the form 

Zn - ;/ZnSO, - nKCl HgCl - Hg, 
i.e., for 

Zn «ZnSO^ , 

against the normal electrode we find tt = 1.08 volts, 
the current going from Hg to Zn through the wire. 
The total E.M.F. is given by the equation 

, RT ,P RT ,P' 

where P and jf> refer to the Zn and P' and /' to the 
Hg, since that is the only arrangement which would 
make n positive. We have then 

RT P 
1. 08 = / \- 0.56, 

RT P 

/-- = (1.08 — 0.56) = 0.52 volt ; 
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I.e., Zn is negative against a nj\ solution of its sulfate 
and gives an E.M.F. of 0.52 volt. The sign always 
refers to the E.M.F, of the electrolyte against the elec^ 
trode. Thus, — i means that the solution is negative 
and the metal positive and vice versa. 
In the cases of 

Cu - «CuSO, - «KC1 HgCl - Hg, 

we find n = 0.025 volt, the current in the wire going 
from Cu to Hg. We have here, since in the solution 
the current goes from Hg to Cu, 

RT ,F RT ,P 
e, / 2€ p 

or 

^ RT ,P 
0.025 = — 0.56 /— , 

RT P 

/— = — 0.025 — 0.56 = — 0.585 ; 

26, / ^ ^ ^ 

i.e., the electrode of Cu is positive, with a difference 
of potential against the electrolyte equal to 0.585 
volt. The process which takes place is shown more 
clearly by the diagram 

CuwCuSO, HgCl in KClwHg 

I B-^0.56 I 



0.025 

hence the copper must be more positive than the Hg 
by 0.585 volt. 
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102. Concentration-cells. — a. In which the elec- 
trades have different concentrations. — If the electrodes 
are made of two amalgams of the same metal in salts 
of this metal, the E.M.F. is given by the formula 

0.000198^, P 0.000198^, P' . 

n = ^— T log — -^— T log -7- volts. 

n p n p 

If the two solutions have the same concentration of 
metal ions, then p =/', and we have 

0.000198^, P -^ 
n = ^-^^ log p/ volts, 

when P and P^ are the electrolytic solution-pressures 
of the two electrodes with respect to the dissolved 
metal. 

Amalgams when dilute may be considered as solu- 
tions in which the mercury acts as the solvent ; conse- 
quently the osmotic pressure of the metal in the 
amalgam will be proportional to the electrolytic solu- 
tion-pressure of the electrode. Since in all solutions 
the osmotic pressure is proportional to the concentra- 
tion, we may substitute for the electrolytic solution- 
pressures the proportional terms, the concentrations of 
the metal in the two electrodes. We obtain then 



0.000198 ^ , c - 
ji — z_ 7^ lopr — volts. 

n ^ c' 



This formula was proven experimentally by G. Meyer, 
whose results for zinc amalgams in a ZnSO^ solution 
are given in Table XXVI. 
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Table XXVI. 

T c c' It (obs.) w (calc.) 

11'. 6 0.003366 O.00011305 0.0419 V. 0.0416 V. 

18" 0.003366 o. 0001 1305 0.0433 V. 0.0425 V. 

12*. 4 0.002280 0.0000608 0.0474 V. 0.0445 V. 

60' 0.002280 0.0000608 0.0520 V. 0.0519 V. 

The results obtained by Meyer also proved the 
formula to hold for copper amalgams in CuSO^, etc. 

The derivation of the equation in the way given 
shows the value and use of the conception of the 
electrolytic solution-pressure, but it is possible to 
derive it without this idea, and possibly the action of 
the cell will be made clearer if we do so. Imagine a 
cell composed of two amalgams of Zn of different 
strengths in a solution of a Zn salt. The process of 
the cell is as follows: Zn goes from the concentrated 
amalgam into the solution and precipitates Zn upon 
the more dilute electrode. The action of the cell, 
then, is simply the transportation of Zn ions from 
the concentrated to the dilute amalgam, i.e., Zn ions 
from the higher osmotic pressure /, proportional to the 
concentration ^, to the lower osmotic pressure/', which 
IS proportional to the concentration c' . The E.M.F. 
generated by this process is then equal to the maxi- 
mum work which could be obtained by the process. 
The maximum osmotic work is equal to 

RTl% 
c 
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or 

RT , c 

log ~j* 

0.4343 ^ ^ 

The electrical work is 

« X 96537 X ?r, 

or, since for Zn ;^ = 2, 

2 X 96537^- 



Hence 



and 



^ X 96537^ = ^;^ log- ^ 



0.000198 _, c 
n = T log -7 volts, 



which, when n = 2, is identical with the equation 
found previously. 

In both these equations we have assumed the metals 
to dissolve in mercury in monatomic molecules, and 
this assumption is upheld by our results, both by this 
method and by others. 

If Zn had been present in the form of diatomic 
molecules in the mercury, our equation would have 
had a different value. For the movement of the 
same amount of ions as before we should have had, 
then, the osmotic work equal to 

log > 



2 0.4343 
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since the number of particles would have been 1/2 
what it was, and the work depends simply upon the 
number of particles. The electrical work would have 
been the same as before, i.e., 

2 X 96537^1 

and we should have had 

I 0.000198 _, c . 
Tt = -' riogp volts: 

i.e., the E.M.F. would have been one half what we 
have found it to be. 

The electromotive force is found, then, to be de- 
pendent only upon the concentration of the metal in 
the amalgam and its valence, and not upon the nature 
of the metal itself. The mercury has no effect so long 
as the metal dissolved in it gives the larger E.M.F. 
The same is true of an alloy of two metals: only the 
one which gives the higher E.M.F. has any influence 
unless its concentration is so much larger than that of 
the other that it counteracts its action. An example 
of this is given by an alloy of Cd and Zn in acid. 
The acid is first saturated with Zn and then only does 
the Cd go into solution. In the first part of this 
process we shall obtain only the E.M.F. of the Zn 
and afterwards that of the Cd.. 

Another example of the electrodes having different 
pressures owing to differences of concentration is given 
by cells of the type of the Grove gas-battery in an 



ELECTROCHEMISTR V. 20$ 

altered form. The electrodes are of platinized plati- 
num, in which the gas is absorbed under different 
pressures, and are placed partly in the liquid and 
partly in gas. Such an electrode is to be considered 
as a perfect reversible gas electrode,* i.e., one from 
which ions of the gas are given up, for the metal acts 
simply as a conductor, as has been shown experi- 
mentally by the use of different metals, the same 
results being always obtained. In this way reversible 
electrodes can be made of all gases. Oxygen as an 
electrode, however, gives off ions of OH, since those 
of O do not exist, and absorbs O when the OH ions 
give up their charges to it. 

If we have two electrodes of H, under different 
pressures, in contact with a liquid containing H ions, 
we shall obtain a certain E.M.F. This may be calcu- 
lated in two ways, as we did in the case of amalgams. 
In the second way, however, the process is slightly 
different, since one molecule of H gas forms two 
monovalent ions. The osmotic work is equal to 



RT , P 

log 



0.4343 ^ P 



/» 



as before. The electrical work, however, which corre- 
sponds to this is 2e,;r; hence 

RT P_ 

^ - 2(0.4343) ^^ ^' ' 

* The solution tension here of the gas electrode is proportional 
to the nth root of the gaseous pressure, where n is the number of 
atoms in one molecule of gas. 
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i.e., we have 2 in the denominator notwithstanding 
that the gas is monovalent. 

b. Different ionic concentrations, — In this type of 
cell we assume the electrodes to be of the same metal, 
but dipping into solutions which possess different ionic 
concentrations of the metal. An example is given 
by the arrangement 

Ag(AgNO, cone.) - (AgNO, dilute)Ag. 
From the general equation for silver we have 

P P 

7t=zRTl RTl*—. 

P P 

Since P =i P' this becomes 

^ V. 

where / is the osmotic pressure of the Ag ions on the 
concentrated side, and/' that on the dilute side. 

From this we see that the E.M.F. depends only 
upon the ratio of the concentrations, and not at all 
upon the actual concentrations, all of which was found 
to hold experimentally by Nernst, the developer of 
the theory. 

Since the osmotic pressure is proportional to the 
concentration, we may substitute the latter for the 
former; we obtain 

RT X 

n = /— . 

n c 

For example, with a Q.ooi and a o.oi nornial 



^r- 



n = * ;/^ log 4? volts. 
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solution of AgNO, with Ag electrodes we have, from 
the conductivity, ionic concentration in the proportion 
of I : 8.71 (not I : 10); hence the E.M.F. of such a 
cell is at 18° 

n = 0.000193 X 291 log 8.71 = 0.054 volt, 

while 0.055 volt was found by experiment, ^ "^^^ 

At 17° C. we have 

0.057s , / 

If the concentration ratio of the ions is 10, then n = 
0.0575 volt for a monovalent ion, or 0.02875 volt for 
a divalent one. 

This class includes all cells made up of solutions 
containing different concentrations of metal ions. In 
case the contact of the two liquids causes the forma* 
tion of a precipitate, another solution is used as a con- 
necting link, the two being in contact in small siphons. 

103. Dissociation by aid of the electromotive 
force. — Since for concentration-cells we have the 
formula 

n = — — log -> volts, 

n X 0.4343 ^ / 

or for monovalent metals 



1 / ^ 



p 0.0001987^' 

we can find the ionic concentration of the metal on 
the one side provided that on the other is known. 
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An example of this is the cell as given by Morgan 

Ag - ;^AgNO. - KNO. - ^KAgCN, - Ag, 

which gives an E.M.F. of 0.542 volt. 

If, for simplicity, AgNO, i/io normal is considered 
as completely dissociated, then the concentration of 
the Ag ions will be o. i normal, and, since T -=• 273 -j- 
17 = 290°, we have 

^ 0-542 , ,, 

log - = -i—: , ^=3.1 X 10-" ; 

^ c' 0.COO198 X 290 ^ 

i.e., in the n/20 KAgCN, solution the Ag ions are 
present to a concentration of 3.1 X lO"^* normal. 

This method was devised by Ostwald, and is one of 
the most delicate known, for the more dilute the one 
solution is, i.e., the smaller the number of its metal 
ions, the greater is the E.M.F. of the cell. 

Another typical cell of this kind is 

Ag - ;^AgNO. - KNO. - ^KClAgCl - Ag, 

which was used by Goodwin to determine the solu- 
bility of AgCl. 

In a saturated water solution of AgCl we may 
assume without error that the dissociation is complete. 
The solubility product will be then 

Ag X CI = J, 

or the concentration of Ag ions is equal to VZ 
Naturally if we have a certain strength (normal) solu- 
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tion of AgCl the concentration of the Ag ions is the 

same as that of the AgCl ; hence ^ s is the solubility 
of the AgCl. In the presence of KCl the concentra- 
tion of Ag ions will be diminished, but the product of 
the concentration of Ag ions, with that of those of 
CI, will always give the same solubility product s. 

If now we determine the E.M.F. of the cell when 
the concentration of CI ions is known, we find the 
concentration of those of Ag. The square root of 
the product of the two will give us, then, the solubil- 
ity of AgCl in pure water. 

Goodwin found when the concentration of AgNO, 
and KCl was o. i normal an average E.M.F. of 0.45 
volt. If we work at 25° C, then 

ty(AgNO,«/io) = 82^ and a(KCl;//io) = 85^, 

and 

c 0.450 

log -7 = 



c' ""0.000198 X 298 
or 

t:'= 1.94 X lO"*; 

i.e., Ag ions are present with the excess of KCl to a 
concentration of 1.94 X lO"* mols. per liter. The 
product s is then found from 

1.94 X IO-* X 0.085 = J = 1.64 X lO"" 
and 

V7= 1.28 X 10' 



-ft 
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i.e., AgCl in a saturated water solution at 25° is 
present to a concentration of 1.28 X lO"* normal. 

A cell of this sort may be arranged with bromides, 
iodides, etc., in place of the chlorides, which was also 
done by Goodwin, and the solubility of AgBr and 
Agl determined. 

Another illustration of this method of determining 
dissociation is furnished by Ostwald's arrangement for 
determining the dissociation constant for water. The 
scheme is a gas cell in the form 

H — Acid Base — H, 

when the two H electrodes have the same solution- 
pressure. The E.M.F. of such a cell, deducting the 
E.M.F. caused by the contact of the two solutions, is, 
for normal solutions at 17° C, 

n = 0.0575 log 4'- 

P 

By experiment ^ = 0.81 volt; hence, since / = 0.8 

(i.e., the normal acid is 80^ dissociated), 

or 

/' = 0.8 X 10-". 

Since this is the concentration (in terms normal) of 
the H in the base, and the concentration of OH ions 
in contact with them is 0.8, the dissociation constant 
of H,0 is 

0.8 X 0.8 X 10"". 
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+ 

Since H,0 dissociates into H and OH ions, the con- 

centration of H and OH ions in pure water is the 
same, and is equal to 



V{o.Syx 10-** =0.8 X io-' = H and OH ions in H,0. 

By the conductivity at this temperature Kohlrausch 
found 

0.8 X io-\ 

It would be possible in this case to use oxygen elec- 
trodes, by which the same final result would be 
obtained, but platinum-black absorbs very little 
oxygen, so that the results are not as certain as with 
hydrogen. 

104. The electromotive force between liquids. — 
If a concentrated acid is in contact with an unmixed 
layer of dilute acid or pure water, a difference of 
potential between the two liquids is exhibited. This 
difference is only apparent for a very short time and 
disappears by the diffusion which causes the entire 
liquid to become homogeneous. This action is due, 
according to Nernst, to the unlike velocity of migra- 
tion of the two ions of which the acid is composed. 
In the concentrated acid the osmotic pressure of 
the ions is greater than in the other; hence they are 
driven into the dilute solutions by a pressure equal 
to the difference between the two osmotic pressures. 
In this way both ions are driven by the same pres- 
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surcs, but the velocity of the H ions is much greater 
than that of any negative ion, so that for a short 
time the weaker solution will show the polarity of 
the faster movifig ion. This difference of velocity, 
however, in any one layer of liquid will become equal- 
ized by the electrostatic attraction of ions with unlike 
charges, i.e., the faster ions increase the velocity of 
the slower ones, and the latter decrease the velocity 
of the former. The difference of potential, however, 
will exist until the solution is homogeneous. 

The electromotive force due to the contact of two 

liquids can be calculated by the following process: 
Imagine two solutions, containing the same two mono- 
valent ions but of different concentrations, to be in 
contact. If n is the transference-number of the posi- 
tive ion, and i — ;/ that of the negative ion, then by 
the passage of a current of electricity to the amount 
^0 0«e., 96537 coulombs) the following change will 
take place: If the current enters the concentrated 
solution and then passes through the dilute one, n gram 
equivalents of positive ions will go from the concen- 
trated to the dilute solution, and during the same time 
I — n gram equivalents of negative ions will go from 
the dilute to the concentrated side. Let p be the 
concentration of positive and negative ions in the 
concentrated solution, and p' that in the dilute. The 
maximum work done is 

nRTl^, - (I - n)RTl^, = {2n - i> X RTl^n 
p p p 
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u 
or, if we substitute for n the value — ; — , where u is 

u -Yv 

the velocity of the positive ions and v that of the 
negative ions, 

(^2n^x)RTlt.,^'L:i^RTlL 

p t^ + v p 

or 

(47) ^ = i i^r 

If u is greater than v, the current goes from the 
dilute solution to the concentrated one, i.e., the 
dilute side is positive. If v is greater than u (exam- 
ple, KOH), the concentrated solution is positive. If 
ti = v^ then we have, both by theory and experiment, 
no difference in potential. The formula for other 
cases is too complicated and of too little value to find 
a place here, so that the student must be referred to 
Nernst's original article* for further information. 

Formula (47) has been proven experimentally within 
the experimental error by Nernst, so that it un- 
doubtedly represents the true process taking place. 

105. Solution-pressure of the metals. — It is possi- 
ble from the potential difference between a metal and 
its salt solution to calculate the solution-pressure in 
atmospheres. The equation is 

RT ,P 
ne, p 

* Zeit. f. phys. Chem., IV., 129(1888). 
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or at \f 



,o 



log P= -^-Tf. + log/. 

If we use normal solutions, / is equal to 22 atmos- 
pheres if completely dissociated. The pressure of 
the ions, in case the salt is not completely dissociated, 
is then easily found (i.e., « X 22 atmospheres). Since 
n can be determined, the value for P can be found for 
all metals. Table XXVII gives the values as deter- 
mined in atmospheres by Neumann. 

Table XXVII. 

SOLUTION-PRESSURES OF METALS. 

Zinc 9*9 X lo'* atmospheres. 

Cadmium 2.7 X lo* ** 

Thallium 7.7X10* 

Iron 1.2 X 10* ** 

Cobalt 1.9X10® 

Nickel 1 . 3 X 10® 

Lead i.iXio"* ** 

Hydrogen 9.9X10"""* ** 

Copper 4.8 X io~«» ** 

Mercury i.iXio"" " 

Silver 2.3 X io~" 

Palladium 1.5X10"" 

The influence of the dilution on each side of an 
element depends upon the solution-pressure. If the 
latter is great, then dilute solutions are necessary for 
maximum action; if small, then concentrated solutions 
are to be preferred. 

106. Cells with inert electrodes. — Elements of 
this type have electrodes in solutions which do not 
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contain the ions of the electrodes. Such cells are also 
known as oxidation- and reduction-cells. An example 
is given by the arrangement 

plat.Pt — FeCi.sol SnCl,sol. — plat.Pt. 

4-+ ++ 



The Sn ions go over into Sn ions, taking up the elec- 

+++ 
tricity set free by the transformation of Fe ions into 

those of Fe. The Fe side is, then, positive and the 
Sn side negative. 

The origin of the current in these cells is due to 
the oxidation on the one side and the reduction on the 
other. An oxidizing substance (i.e., one which is 
reduced) is any substance from which negative ions are 
formed or upon ^ which positive ions give up their 
charges. A reducing substance is one in which nega- 
tive ions are given up or positive ions formed. 

107. Processes taking place in the cells in com- 
mon use. — All cells give an E.M.F. which is equal to 
the difference of the E.M.F's. given by the two single 
electrodes; but in some few cases this is accompanied 
by other processes. In the following the action of 
depolarizers is given, as well as the change in the cell 
during action. 

Clark celL — This cell, as already mentioned, is used 
to give a constant E.M.F. as a standard. The scheme 
is 

Hg - Hg.SO, - ZnSO, - Zn, 
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The Hg,SO^ is quite insoluble, but a small number of 
Hg ions does exist in the solution. The Zn ions with 
a high solution-pressure are driven from the electrode 
into the ZnSO^ solution, and drive before them to the 
electrode the ions of Hg, since the solution can con- 
tain only ihe same number of positive and negative 
ions. The Hg ions give up their charges to the elec- 
trode, which becomes positive, the Zn being negative 
from the loss of positive ions. The current goes, then, 
externally through the wire from the Hg to the Zn, 
and internally from the Zn to the Hg. If the resist- 
ance placed against the cell is great enough, only an 
infinitesimal portion of the Hg ions is driven from 
the solution, and the cell remains constant. If the 
current is passed through a small resistance, however, 
all the Hg ions are soon precipitated upon the elec- 
trode and the E.M.F. is reduced, i.e., the cell is 
polarized. If allowed to stand, however, more Hg,SO^ 
dissolves and the original E.M.F. is obtained. 

The Leclanchd cell consists of a solution of ammonium 
chloride, in which we have two electrodes, Zn and 
C + MnOj. The action of the MnO, is to prevent 
polarization, the processes taking place without it 
and with it being as follows : 

In the cases without MnO, the Zn with its high 
solution-pressure goes into solution, driving before it 
the other positive ions, i.e., those of NH^. These 
ions force those of H from the water out of the solu- 
tion, and they give up their charges to the electrode. 
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The bubbles of H collect upon the electrode and are 
absorbed and so given off to the air, but, as this process 
is slow, other ions are prevented from giving up their 
charges and consequently the E.M.F. decreases. To 
get rid of this action the MnO, is used. In contact 
with water we have, then, to a small extent, a solution 
of MnO,, which dissociates according to the scheme 

MnO, + 2H,0 =*Mn + 4OH. 

These tetravalent ions of Mn have the tendency to 
go into the divalent state by giving up two equivalents 



of electricity, i.e., to form the ions Mn. In conse- 



quence of this the Mn ions with those of NH^ are 
driven to the electrode by the Zn ions, and, since they 
give up two equivalents of electricity more readily 
than any other ion gives up its entire charge, the elec- 
tricity is given up without any substance which might 

+-f 
cause polarization. We have, then, MnCI, (i.e., Mn 

ions) formed in the solution. The process continues 

so long as the solution is unsaturated with Zn ions; 

when saturated the action ceases. 

Bichromate cell, — This cell is arranged according to 

the scheme 

Zn - H,SO, + K,Cr,0, - C. 

The action of the two substances in solution forms 
bichromic acid (H,Cr,0,). This dissociates into 

HH + Cr,0, 
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to a large extent, and to a smaller degree into 

HAA + 5H,0 = 2Cr + 12 . OH. 

These hexavalent Cr ions have the tendency to give 
up three equivalents of electricity and to go into the 

-t-l-4- 

trivalent state (i.e., Cr). Accordingly the Zn ions 
which are forced from the electrode drive before them 

■H-4-I-H- 

the 2Cr ions, which give up three of their equivalents 

4-4-f 

and become Cr, which remain in the solution as ions 

in equilibrium with SO^ ions (i.e., as Cr,(SOJ,). We 
have, then, finally, a solution of Cr,(SOJ, left in the 
jar. This change in the number of electrical equiva- 
lents by a change of valence always takes place more 
readily than the change from the ionic to the elemental 
state and is of great value as a means of preventing 
polarization. 

Acannulators. — The action of the lead accumulator 
or storage-cell also depends upon a change of valence. 
Any reversible cell will act as a storage-cell, after it is 
used up, by the passage of a current through it in the 
direction opposite to that in which it goes of itself. 
The lead cell, however, is generally used on account 
of its high E.M.F. This consists before charging of 
two lead plates, one of which is coated with litharge 
(PbO) in a 20^ solution of sulfuric acid. If the current 
is passed through these plates (the PbO being posi- 
tive), the PbO is transformed into PbO^, lead super- 
oxide (or supcrsulfate), while spongy lead is deposited 
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upon the other electrode. If now the flow of current 
is stopped, the cell is charged. 

The PbO, is soluble to a small degree and ionizes as 
follows : 

PbO, + 2H,0 =' Pb + 4OH. 

These tetravalent Pbions have the tendency to give up 
two of their electrical equivalents and to go into the 



divalent form. Since this is true, the Pb electrode 
must have the higher solution-pressure, and the ions 

formed from it will drive those of Pb to the electrode, 
where they lose two charges of electricity and become 
divalent. This will continue as long as PbO, is 
present, i.e., until it is all transformed into the 
divalent state PbSO^. Other theories have also been 
advanced to explain this cell by Liebenow and others, 
but the reader must be referred elsewhere for this. 

Dolezalek has been able to calculate the value of 
such a cell from the concentration of acid and the 
vapor pressure of the solution, and finds an excellent 
agreement between theory and experiment. This 
proves the process, according to him, to be a primary 
one such as the theory of Le Blanc and that of Liebe- 
now would make it. 

D. Electrolysis and Polarization. 

108. Decomposition values. — We must now con- 
sider the processes which take place when a current is 
passed through a solution from electrodes which ar^ 
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not affected by the liquid, i.e., inert ones, as plati- 
num, gold, carbon, etc. The current decomposes the 
liquid, and causes the separation of the positive and 
negative ions. If the primary' current is disconnected 
at any time and the poles of the decomposition-cell 
connected with a galvanometer, we observe a cur- 
rent in the opposite direction, which becomes weaker 
and weaker, until it finally disappears entirely. This 
is called the current of polarisation^ and its E.M.F. is 
the E.M.F. of polarisation. This is caused by the 
tendency of the substance precipitated upon the elec- 
trode to go back into solution in the dissociated form. 
It has been found that a certain minimum of 
E.M.F. is necessary to cause the steady electrolysis 
of any solution. If the E.M.F. used is smaller than 
this, the current goes through for an instant and then 
ceases; but at this point or above it the process goes 
steadily. This was found by Le Blanc, who deter- 
mined the minimum values for a large number of 
liquids and solutions. Table XXVIII gives these 
values for n/i solutions of the salts which separate 
metals. 

Table XXVIII. 

DECOMPOSITION VALUES FOR SALTS. 



ZnS04 = 2.35 V. 
Cd(NO,)9 =1.98 V. 
ZnBrs =1.80 V. 
NiS04 =2.09 V. 
NiCU =i.85v. 
Pb(NO,)a = 1-52 V. 



Ag(NO)s = 0.70 V. 

CdS04 = 2.03 V. 

CdCl, = 1.88 V. 

C0SO4 = 1.94 V. 

CoCl, = 1.78 V. 
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The values for Cd(NO,), and CdSO^ show that those 
for the nitrates and sulfates of the same metal are 
nearly the same. 

Tables XXIX and XXX show the values for acids 
and bases. Here there is a certain maximum, which 
is reached by many and exceeded by none, which is 
about 1.70 volts. 

Table XXIX. 



DECOMPOSITION VALUES FOR THE ACIDS. 



Sulfuric = 1.67 V. 

Nitric = 1.69 V. 

Phosphoric = 1.70 v. 
Monochloracetic =: 1.72 v. 

Dichloracetic =1.66 v. 

Malonic = 1.72 v. 

Perchloric = 1.65 v. 



Dextro-tartaric 

Pyro-tartaric 

Trichloracetic 

Hydrochloric 

Oxalic 

Hydrobromic 

Hydriodic 



= 1.62 V. 
= 1-57 V. 
= I. 51 V. 
= I. 31 V. 
= 0.95 V. 
= 0.94 V. 
= 0.52 V. 



Table XXX. 

DECOMPOSITION VALUE* FOR THE BASES. 

Sodium hydroxide = 1.69 v. «/4 

Potassium hydroxide = 1.67 v. n/2 
Ammonium hydroxide = 1.74 v. n/S 
Methylamine »/4 =1.75 

n/2 =1.68 

»/8 =1.74 



if 



(i 



The salts of the alkalies and alkaline earths of the 
largely dissociated acids with the decomposition value 
of 1.70 volts show approximately the same value, 
i,e., about 2.20 volts. The chlorides, bromides, and 
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iodides have lower values, which are independent of 
the alkah' metal. 

It will be observed that all the acids and bases with 
the maximum value give off hydrogen and oxygen 
upon electrolysis. Those with the lower values, which 
in more dilute solutions give off oxygen and hydrogen, 
also reach this maximum value. Thus Table XXXI 
gives the values for HCl at different dilutions. 

Table XXXI. 

DECOMPOSITION VALUES FOR HCl. 

Concentration. it 

1/16 normal = 1.62 
1/32 ** =1.69 



Concentration. « 

2 normal = 1.26 
1/2 *• =1.34 
1/6 •* = 1. 41 



At the dilution n/12 H and O are given off instead 
of H and CI, as at the strength of 2 normal, and the 
maximum is reached. 

All the above results are for platinum electrodes. 
For gold the values are different, but the relation 
remains the same. 

109. Theory of polarization. — The process taking 
place upon an electrode during electrolysis has been 
studied by Le Blanc, who has been able to make the 
action quite clear. He measured the difference of 
potential between the cathode and its solution caused 
by the passage of the current from E.M.F. = o 
up to the decomposition value of the solution. At 
the decomposition value he found the potential 
difference to be the same as that exhibited by the 
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solution in which is placed a stick of the metal. Thus 
a normal CdSO^ solution is decomposed steadily at 
2.03 volts, at which the difference of potential between 
the cathode and solution is found to be + 0.16 volt. 
A stick of cadmium in a normal solution of CdSO^ 
gives an E.M.F. equal to + o»i6 volt, i.e., the metal 
is negative. For some solutions this difference of 
potential between electrode and solution is found to 
be given without the maximum being reached. This 
is true for AgNO,, which decomposes at 0.70 volt. 
The reason for this is the negative solution-pressure 
of the Ag, which causes ions to be deposited upon the 
metal, even without the current. 

When an indifferent electrode is placed in a salt 
solution, a small amount of ions must precipitate upon 
it; otherwise from the equation 

RT P 

71 = / — 

ne. p 

n will be infinite, since /*= o; and if that is true it 
would be possible to arrange a perpetual motion. 
Metal ions will then separate upon the electrode until 
the tendency for them to go into solution in the ionic 
form just compensates the separating force. In this 
way the electrode will be charged positively, and the 
solution negatively, so that there will be between them 
a certain difference of potential. The value of this 
difference will depend upon the amount of metal upon 
the electrode, and will not necessarily be as large as 
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that for the massive metaf (compare with concentration 
of H in a platinum-black electrode). If we connect the 
cell now with a primary cell, then at a low E.M^F. 
more metal will be deposited; but this will increase P, 
so that no more deposition will take place at that 
E.M.F. If the potential is then increased, /^will again 
increase and further deposition will be prevented. 
Finally, when the E.M.F. used is such that P receives 
its maximum value, i.e., that which the massive metal 
possesses, then the deposition will take place steadily. 
Here we assume the osmotic pressure of the metal ions 
to remain constant. For strong currents this is not 
true; it decreases, and hence the deposition becomes 
more and more difficult and the potential difference at 
the cathode increases. It is not difficult, however, to 
keep the value constant for a short time, and thus to 
find the difference of potential at the cathode. 

At the same time that this takes place negative ions 
are separated upon the anode and the process is 
exactly analogous. If oxygen is the gas which sep- 
arates, its concentration increases until the n^aximum 
is reached (= P) and the gas is given off in the air. 

From the above it is possible to understand why a 
certain minimum E.M.F. is required to cause a steady 
electrolysis. The separation takes place only when 
the concentration of ions around the electrodes reaches 
a maximum, i.e., until the osmotic pressure exerted 
by them is great enough to overcome the solution- 
pressure of the metal. From the case of AgNO, it 
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would seem that this maximum of concentration need 
not be reached on both sides at the same time. The 
nature of the electrodes, so long as they are of an inert 
substance, has no influence except for gases, and then 
in the following way : The cell 

platinized (Pt+H)-H=(0+H,SO,)-0 platinized Pt 

gives an E.M.F. of 1.07 volts. If 1.07 volts are 
passed through the cell in the opposite direction, we 
shall have equilibrium. If smaller than this, H,0 is 
formed at the electrodes from the gas in the electrode 
and the ions in the solution. If larger than 1.07, H 
and O are given off from the electrodes. We have 
here the gas-cell which gives the value 1.07 decom- 
posing water, i.e., reversing at 1.08. When polished 
platinum electrodes are used for the decomposition, 
however, 1.68 volts are necessary for steady electrol- 
ysis, the difference between the 1.68 and the 1.07 
being 0.6 volts. The difference in these two values is 
caused by the different ion which is separated in the 
two cases. Water may be considered as dissociated 
as a dibasic acid, 

H,0 = H + OH, 

OH = H + a 

At the value i.o8 volts the O ions present separate, 
causing water to decompose for a time and then as 
they are used up the process ceases. The 1.07 volts 
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of the gas cell are due to this ion O, for the platinum 
black gives it up to the solution in that form after 

having absorbed oxygen gas. When OH ions sepa- 
rate they unite to form H,0 and O, 

4OH =2H,0 + 0,. 

and the force necessary to do this is 1.68 volts. Where 
the concentration of OH ions is great, in bases for ex- 
ample, the O ions are present to a greater extent than 
in acids, and the decomposition at 1.08 should be more 
marked than with acids, as it is found to be. HCl has 

too few OH and O ions to carry any amount of cur- 
rent, so that in strong solutions CI separates at 1.3 1 
volts, at which point water cannot be decomposed in 

H + OH = H, + O. 

If we have in a decomposition vessel with one large 
platinized electrode and one very small pointed one and 
use the latter as kathode and the large one as anode, 
we get a rapid decomposition of water at i . i volts, H 
being given off at the point, the oxygen being absorbed 
in the platinum black. We get then a reversal of the 
gas-battery. Using the point as anode, we get bubbles 
of oxygen first at 1.68 volts, H being absorbed by the 
large electrode. An example of the use of such a 
process is the Hildburgh cell, which rectifies an alter- 
nating current. If the value of the alternating current is 
below 1.68, current can go through when the point is 
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the kathode and is stopped when this is the anode, as it 
is by the next reversal; so that we get from this a cur- 
rent made up of a series of impulses all in the same di- 
rection instead of the alternating current which entered. 
A current of large voltage can be rectified by going 
through a series of these cells. The Wehnelt inter- 
rupter is also based upon this combination of a small 
and a large electrode. 

no. Primary decomposition of water. — The 
E.M.F. of decomposition of a cell giving off hydrogen 
and oxygen is dependent upon the concentration of 
the two ions H and OH, but independent of the nature 
of the electrolyte. The E.M.F. is the same for acids 
and bases so long as only H and O are separated. 
Since by the law of mass action the product of H and 
OH ions in a solution must always be the same, it 
follows that for all electrolytes, since the E.M.F. of 
the cell must be the sum of those of the two electrodes, 
the minimum value must be the same for all substances 
which give off H and O. With the exception, then, 
of solutions of metallic salts, which are decomposed by 
H, and the chlorides, bromides, and iodides, which 
are decomposed by O, the ions of water only are the 
factors in the decomposition of solutions, and not 
those of the dissolved salt. With the exception, then, 
of the solutions mentioned above, all solutions when 
electrolyzed show primary decomposition of water. The 
current is conducted by the ions in the solution. At 
the electrodes, however, that process takes place which 
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requires the smallest expenditure of work, and that is 
the separation of H and O as gases. In the case of 
the electrolysis of K,SO^ in solution, when the curreilt 
is not too strong, there is no necessity for assuming 
that the K and SO^ ions are separated upon the elec- 
trode and then redissolved. They simply collect 
around the electrode, but, as the H and O separate 
more easily, they are forced out. With a stronger 

current, of course, it is possible to cause the separa- 

+ 

tion of K and SO^ , for here the H and OH ions, be- 
ing present to but a small extent, cannot carry all the 
current, so that the work of separation of the ions or the 
salt is smaller than that necessary to remove the very 

much diminished number of OH and H. The forma- 
tion and decomposition of H,0 are reversible pro- 
cesses, so that there is no loss of work connected with 
them, while with the secondary action there would be. 
The H and OH ions are formed as they are used up, 
i.e., more water dissociates. 

All bases and acids must have the same E.M.F., 
for the product of the H and OH ions is always the 
same. For salts we should obtain a higher value, 
since upon the electrode at which H separates a base 
is formed, and OH ions increase in number, driving 
back those of H, so that the difference of potential on 
that electrode increases, i.e., P remains the same, while 
/ decreases. On the other electrode H ions collect and 
exert the same decreasing effect upon the OH ions. 
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The smaller the dissociation of the base and acid 
formed the smaller naturally this influence will bow 

In the case of HCl (n/i), CI gas is given off steadily 
at a smaller E.M.F. than for the oxygen-acids. As 
the acid becomes more dilute, however, the number 
of H and CI ions decreases, until finally there is such 
a large number of OH ions present, as compared with 
those of CI, that O separates the more readily. This 
explains the results already given for HCl in different 
dilutions. 

III. Electrolytic separation of metals by graded 
electromotive forces. — As we have seen, the salts of 
the different metals have different decomposition 
values. From this fact Freudenberg * showed how it 
is possible to separate metals quantitatively. It is 
only necessary to find two salts, i.e., one of each metal, 
which have decomposition values as far apart as possi- 
ble. If now a certain E.M.F. is passed through the 
cell, the metal with the lower decomposition value will 
separate first; after that is separated, then it is only 
necessary to raise the E.M.F. until the other is de- 
posited. As the concentration of the ions in the salt 
of the metal separated first decreases, it is necessary 
to raise the E.M.F. slightly. This amount may be 
readily calculated from 

RT ,P 

n = / — . 

ne^ p 

* Zeit. f. phys. Chem., XII., 97 (1893). 
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\l p decreases from o. i normal to o.cxxx)Oi normal 
(the limit by analytical means), n must be increased 
only 0.3 volt for a monovalent element and only one 
half that for a divalent one. 

An example of this is given in Table XXVIII. 
AgNO, = 0.70 and Pb(NO,), = 1.52. With the two 
solutions present the Ag will be entirely deposited by 
an E.M.F. of less than one volt; after this is done 
the E.M.F. maybe raised to 1.52 or more and all the 
lead deposited.* 

In this way it is possible to make separations which 
cannot be made by varying current strength. 

The following table gives the separation value of a 

few ions. Here they are based on the value of H taken 

4- 
as O. Thus if the value for H is added to that of OH, 

we have the decomposing voltage of HjO 1.68. The 

values are for normal concentration. 



+ 


— 




Ag = - 0.78 


I 


= 0.52 


++ 


— 




Cu = — 0.34 


Br 


= 0.94 


+ 


— 




H — + o-o 





= 1.08 (in acid) 


++ 


— 




Pb — -f 0.17 


CI 


= 1.31 


++ 


— 




Cd = + 0.38 


OH 


= 1.68 (in acid) 


Zu = -f 0'74 


— 






OH 


= 0.88 (in base) 




SO4 


= 1.9 




HSO4 


= 2.6 



♦ The student is referred for further information to the original 
article. 
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The values of O and OH are true in the presence of a 

normal solution of H ions. If we have H and OH in 
a base y the above value of H becomes 0.8 and the value 

of OH and O is decreased by 0.8. 

Speketer has applied the table above to the quanti- 
tative determination of CI, Br, and I in solutions. A 
platinum kathode and a silver anode are placed in a 
normal solution of HgSO^ containing the mixed halides. 
The minimum electromotive force of decomposition of 
this system, i.e., solution of Ag and separation of H, 
is given by the equation 

E = 0.058/ -i- - 0.058/-^ 

at 17°, where P^ and P^ are the electrolytic solution 
pressures of the Ag and H, /j and p^ being the osmotic 
pressures of the ions Ag and H. We have then, 
taking the decomposition value of H as o, 

P 
E = 0.058/ -i = o.058/Pj — 0.058//^ 

Pi 

= — 0.78 — 0.058//^. 

p^ , however, the concentration of Ag ions, can only 
reach a certain value in the presence of CI, Br, and I, 
which value is regulated by the solubility products of 
AgCl, AgBr, and Agl. The solubiUties are respec- 
tively 1.25 X IO-^ 6.6 X 10 -^ and 0.97 X lo-^ 
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If I is present as ions to the concentration . i mol per 

liter, /j = ^ ^' ^, from which A = + O.09F; 

i.e., the system acts as a cell and gives a current, 
Ag dissolving and H being evolved. For Br, E = 
— o. 12 F; and for CI, iE = — 0.2 V, If I ions are re- 
duced to o.oooi mols per liter, E becomes — 0.084. ^^ 
this way, by varying the E.M.F., the iodide and then 
the bromide are transformed into the silver salt, ^nd 
the difference in weight of the anode before and after 
the experiment gives the weight of the one which has 
been separated. CI is usually determined by titration 
after the Br and I have been removed. 



CHAPTER X. 

PROBLEMS. 

I. 

(See Chapter I.) 

1. In lOO parts of SnCI^ there are 54.61 parts of CI 
and 45.39 parts of Sn. The atomic weight of CI is 
35.5. What is the atomic weight of Sn, on the sup- 
position that SnCl^ is the correct formula ? 

Ans. 118. 

2. In 1337 grams of CuSO^ + SHgO there are 307.7 
grams of Cu. The atomic weight of O is 16, of S is 
32, and of H is i. Find atomic weight of Cu. 

Ans, 63.4. 

3. Id grams of Fe^Oj yield 7 grams of Fe. The 
atomic weight of is 16; find that of Fe. Ans. 56. 

4. How much K, Al, S, O, and H^O exist in the 
compound K2AI2(S0J4 + 24H2O ? The atomic weights 
are K = 39. i, Al = 27, S = 32, O = 16, and H = i. 

Ans. K = 8.25, Al = 5.70, S = 13.5, O = 26.99, 
and HjO =45.56 grams. 

323 
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II. 

(See Chapter II.) 

5. An open vessel is heated to 819° C. What por- 
tion of the air which the vessel contained at 0° remains 
in it ? Ans. 0.25. 

6. An open vessel is heated until one-half of the 
gas contained at 15° is driven out. What is the tem- 
perature of the vessel } Ans, 303° C. 

/. A volume of gas, measured at 15°, is 50 cc. At 
what temperature would its volume become 44 cc. ? 

Ans, — 19°. 56 C. 

8. A volume of gas at y66 mm. pressure is 137 cc. 
What would it be at 757 mm..^ Ans. 138.63 cc. 

9. What volume does one mol of gas occupy at 50°, 
the pressure being 760 mm..'* At 100°,/ being 900 
mm.? 

Ans, 50° = 26.5, at 100° = 10.28 atmospheres. 

10. A volume of air in a bell jar over water measures 
975 cc. The water in the jar is 68 mm. above the 
water in the trough, and the barometer stands at 756 
mm. What would the volume be if exposed to standard 
pressure, the specific gravity of Hg being 13.6 ? 

Ans. 963.45. 

11. At 14° C. and 742 mm. pressure a volume of 
gas measures 18 cc. What will be its volume at o** 
and 760 mm. pressure ? Ans. 16.715. 

12. A volume of H at a temperature of 15° measures 
2.7 liters, with the barometer at 752 mm. What 
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would have been its volume had the temperature been 
9°, and the pressure 762 mm.? Ans, 2.6 liters. 

13. \ mol of H, \ mol of O, and \ mol of N are 
mixed in a volume of 10 liters at 0° C. and 760 mm. 
What are the partial pressures of H, O, and N } 

Ans, H = 11569.6, O = 1 1 569.6, and N = 7706.2 
grams per sq. cm. 

14. What would these pressures (13) be in atmos- 
pheres at 10° C..^ 

Ans. H = 1. 161, O = 1. 161, and N = 0.777. 

15. I liter of N weighs 1.2579 grams at 0° and 760 
mm. Calculate the specific gas constant, r, 

Ans, 3008.2. 

16. The specific gas constant, r, for N was found 
above (15). What is it for H.^ Atomic weight of N 
is 14.073, and of H is 1.032. Ans. 41017. 

17. A solid gives off a gas which is dissociated to 
4ij^, into two products. What is the work done, in 
calories, gram -centimeters, and liter-atmospheres, when 
I mol of solid goes into the gaseous state, the tem- 
perature of dissociation being 55° C..^ 

Ans, 924 cals., 78436608 gr. cm., 75.94 L. A. 

18. The time necessary for COg to flow through a 
small opening is 26. 5 minutes. Under the same con- 
ditions the time for H is 5.6 minutes. Find the 
density of the gas. Ans, 22. 

19. H is at the partial pressure of 2 . 1 36 atmospheres 
in a space of 10 liters. Plow many mols per liter are 
there, the temperature being 0° } Ans, c = 0.0103, 
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20. The time of outflow of a gas is 21.4 minutes, H 
being as in (18) 5.6 minutes. Find molecular weight 
of the gas. Ans. 29.2. 

2 1 . When heated PCl^ dissociates into PCI3 and Q\. 
The molecular weight of PCI, is 208.28. At 182° the 
density is 73.5, and at 230° it is 62. Find the degree 
of dissociation at 182° and 230°. 

A71S, ax82» = 41-7^. ^aao" = 68^. 

22. Sulfur molecules, Sg, dissociate under certain 
conditions into those of the form Sj. If this dissocia- 
tion were complete, what would be the density of the 
gas formed of the Sg molecules } - Ans, 32. 

23. How many atoms are there in the molecule of 
Argon, the specific heat for constant volume being 
0.7s } 

24. The ratio of the specific heat for constant pres- 
sure to that for constant volume is equal to 1.67 for 
helium. How many atoms are there in the molecule } 

25. What is the specific heat of COj gas at constant 
volume, i.e., c^t The molecular weight is 44 and the 
temperature is 50° Ans, 0.2094. 

26. The time of outflow through a small opening is 
found for O as 22.3 minutes; for H it is 5.6. How 
many atoms are there in one molecule of O } 

Ans, 2. 

27. The specific heat, c^^ of COj is 0.2094; what is 
the ratio of that for constant pressure to that at con- 
stant volume } >. O , 

Ans. - = ^ = 1.22. 
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28. COj gas, for which k was found in (27), is com- 
pressed in a flask to the pressure 1.5 atmospheres, and 
this pressure allowed to equalize rapidly against the 
atmospheric pressure, equal to 760 mm. What is the 
temperature produced ? -^«j. — 18° C. 

29. Air (^ = 1.4) compressed to pressure equal to 
50 atmos. is expanded rapidly to double its initial 
volume against the pressure of the atmosphere. What 
temperature is produced by the expansion ? 

Ans, — 66° C. 
What effect has the original pressure here } 

30. Two gases, ^^ = 1.4, ^g = i-22, are compressed 
rapidly, each to -^^ of its original volume. What tem- 
peratures are produced if o** is the initial one ? 

Ans, tk^ = 4 1 2°. 8, tk^ = 180° C. 

31. Find the mechanical equivalent of heat by 
Mayer's method, using O. c^ for O is 0.2751 ; i gr. 
of O has the volume of 699.25 cc. at 0° and 760 mm. 
pressure. 

III. 

(See Chapter III.) 

32. On the assumption that no chemical reaction 
takes place between them, what would be the critical 
temperature of a mixture containing 60^ methyl formate 
and 40^ methyl isobutyrate ? The critical temperature 
of methyl formate is 214°, and that of methyl isobut- 
yrate is 266°. 55. Ans, 235°.02 C. 

33. Air is composed of 76.99 parts by weight of N 
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and 23.01 parts of O. The critical temperature of N 
is — 146°, and of O is — 1 18.8. What is the critical 
temperature of air ? Ans, — 139°. 7 C. 

34. The boiling temperatures of N and O are 
— 194.4 and — 182.7. Under what pressure would 
N and O gas liquefy at these temperatures } 

35. A volume of 50 liters of air in passing through 
a liquid at 22° causes the evaporation of 5 grams of 
substance, the molecular weight of which is 100. 
What is the vapor-pressure of the liquid in grams per 
square centimeter .^ Ans, 2.5. 

36. The vapor-pressure of a substance is 44 mm. at 
20° C, the molecular weight is 46. How many grams 
of liquid will evaporate when 100 liters of air pass 
through } Ans, o,%\^. 

37. The latent heat of evaporation of chloroform at 
61° is 58.49 cals., the boiling-point is 61°, and the 
molecular weight in gaseous form is 119. i. What is 
the formula of the substance in the liquid state } 

38. The latent heat of methyl alcohol at its boiling- 
point, 66°, is 267.48 cals., the molecular weight in 
gaseous form being 32. Find molecular weight in the 
liquid form. 

What conclusion is to be drawn from this result } 

39. The heat of evaporation of ether at 34^.5 is 
88.39 c^^s. The specific heat is 0.736. Find the 
change in boiling-point due to a change from 760 to 
560 mm. Ans. 0.025° 

40. Find heat of evaporation of ethyl formate.. 
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dp 

-^= 27 mm., the boiling-point is 54^.3 at 760 mm., 

and the molecular weight is 74. Ans, 102.8. 

dp 

41. Find -jj. for ethyl propionate. The heat of 

evaporation is yy cals., the density in liquid form is 
0.7958, and in the gaseous state 0.0033, both at the 
boiling-point, 99°. Ans. 22.5. 

42. The refractive index of liquid N is 1.2062, and 
for liquid air is 1.2053. Find that for O. Air is com- 
posed of 23.01^ of O and 76.995^ of N, d^ = 1.124, 
^4 = 0.9673, ^/^ = 0.885. ^^^' 1.2095. 

43. What is the surface tension, in dynes, of CgHg } 
The radius of the capillary tube is 0.01843 cm., at 46° 
the height of the liquid is 3.213 cm., and the density is 
0.85. Ans, ;r = 24.71 dynes. 

44. Find height to which CSg will rise in a capillary 
tube at 46°, r being equal to 0.01708 cm., x (the sur- 
face tension) being 27.68 dynes, and s (the density) 
= 1.224. Ans. 2.7 cms. 

45. Find the molecular weight of CgHg in the liquid 
state. X = 24.71 at 46°, critical temperature is 288^.5, 
M\x\ gaseous form = 78, and ^ = 2.12. 

46. Find molecular weight in liquid form of CSj. 
X (46*") = 27.68, M in gaseous form = y6^ critical 
temperature is 280°. 3. 

47. For CH3COOH at 20°, k is found to be 0.8815, 
M in gaseous state is 60, Find molecular weight in 
liquid state, Ans. 223.9. 
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48. Find molecular weight of CH3OH in liquid form. 
For / = 20° Q. k -= 0.932, M in gaseous state is 32. 

Ans. 109.8. 

49. At 0° for ether when r = i mm., A = 3.6 mm., 
and the increase in height with the temperature is 
0.0254/. Find critical temperature of ether, s (density) 
= 0.7370. Ans, 181° C. 

50. What is the heat of evaporation of ether at 80'' 
if the external pressure is increased so as to increase 
the boiling-point from 35° to 8p° } Specific heat of 
liquid at 80° is 0.690, molecular weight is 74, and heat 
of evaporation at 35° is 88.39 ^^Is. Ans, 77.14 cals. 

dT 

51. Find --r: for ether as 80° as given in (50). 

Ans. 4°. 24 per mm. 

52. Find molecular weight of methyl formate. 
Critical temperature is 214° C, critical pressure 59.25 
atmos., and critical density 0.3494. 

Ans. M = 60.3. 

53. Find molecular weight of ethyl formate. Criti- 
cal temperaure is 235^.2 C, critical pressure 46.83 
atmos., and critical density 0.3232. 

Ans. M z= 77.1 . 

IV. 

(See Chapter IV.) 

54. The specific heat of Ni is o. 1092. What is the 
atomic weight of Ni .^ Ajis, 58. 

55. The specific heat of Fe is o. 112. Find atomic 
weight of Fe. Ans, 56.6. 
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56. The specific gravity of solid phenol is 1.072, and 
in the liquid state it is 1.0561 ; the latent heat of fusion 

is 24.93, and the melting-point is 34°. Find^— . 

Ans. 0.00412°. 

dT 

57. Acetic acid melts at 16°. 6 C, -7- =o°.0242,' 

the heat of fusion is 46.42 cals. Find change in volume 
by the liquefaction. Ans, 0.0001595 liters. 

58. Specific heat of solid acetic acid is 0.4599 from 
io°-i5°, of fluid is 0.5026. Find heat of fusion at 50° 
from that at 5°. 6, which is 44.34 cals. Ans, 46.24. 

59. Naphthalene in solid state has specific heat 
= 0.356, in liquid state = 0.396, both at 80°, and the 
heat of fusion is ze; = 35.5 cals. What is w at 30° t 

Ans. 33.5. 

V. 

(See Chapter V.) 

60. One liter of HgO absorbs i liter of COg at 0°, 
760 mm. How many grams of COg gas are contained 
in a bottle of carbonic water holding 350 cc. of solu- 
tion, the pressure being 5 atmospheres } 

Ans. 3.44 grams. 

61. Air is composed of 20.9 volumes of O and 79. i 
of N. At 15° water absorbs 0.0299 volumes of O and 
0.0148 of N, the pressure being that of the atmosphere. 
What is the composition of air absorbed in HgO } 

Ans. 34.9^ by volume of O and 65. i of N. 

62. Find molecular weight of naphthalene ; 49.4 gr. 
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of HgO and 8.9 gr. of naphthalene go over when dis- 
tilled at 98°. 2 and 733 mm. The vapor-pressure of 
HjO at 98°. 2 is 712.4. Ans. 113. 

63. The molecular weight of HgO is 18, of nitro- 
benzene is 121. Vapor-pressure at 99° (the boiling- 
point of the mixture) of pure HjO is 733 mm. and of 
nitrobenzene is 27 mm. How much nitrobenzene is 
contained in the distillate ? Ans. 0.2 by weight. 

64. The osmotic pressure of a sugar solution at 
32° C. is 54.4 mm. What is it at I4°.2 ? 

Ans, 51.2 mm. 

65. The osmotic pressure of solution containing 10 
grams of sugar to a certain volume is 200 mm. What 
is that for the same volume containing 13.5 gr..^ 

Ans. 270 mm. 

66. 10.442 gr. aniline in 100 gr. of ether gives a 
vapor-pressure of 210.8 mm. Ether alone (jW= 74) 
gives 229.6. Find molecular weight of aniline. 

Ans, Z6,6, 
6y, Find osmotic pressure of aniline in (66) in at- 
mospheres and gram-centimeters, s for ether is 0.737. 

Ans, 19.8 atmos. 

68. Osmotic pressure of a substance in water solu- 
tion is 100 cms. ; find relative depression of the vapor- 
pressure. Ans, 0.00104. 

69. What is the work, in gr.-cms. and calories, 
necessary to separate 200 grams of a substance 
{M =^ 60) from the solvent at 20° C..** 10 gr. of sub- 
stance to the liter of solvent. Ans, 1820 cals. 
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70. 10 gr. of alcohol {M= 46) are dissolved in 18 
grams. of Hfi. Find vapor-pressure of mixture at 10°. 
The pressure of Hfi at that temperature is 9. 14 mm. 
and of alcohol 24.08 mm. Ans. 13.77. 

71. The increase in the boiling-point of 54.65 gr. of 
CSg caused by the addition of 1.4475 S^- of P ^s 
o°.486. What is the molecular weight of P in ether ? 

Ans, 129.16. 
What is the molecular formula, the atomic weight 
being 31 .? 

72. Calculate the increase in boiling-point of ether 
when to 100 gr. we add a mol of a substance. The 
boiling-point of ether is 34°. 97, the latent heat of evap- 
oration is 90.5 cals. 

73. The molecular increase of the boiling-point of 
HgO, as caused by the addition of i mol of substance 
to 100 gr. , is 5°. 2. Find heat of evaporation of HgO. 

Ans. 531. 1 cals. 

74. 10 gr. of a substance in 100 gr. of solvent in- 
creases the boiling-point by o°.87. The molecular 
weight of the substance is 60. Find the molecular 
increase of the boiling-point. Ans. 5.22. 

75. 0.284 S^' of the oxime (CH3)2CNOH causes a 
decrease of the freezing-point of 100 grams of glacial 
acetic acid. -^ for acetic acid is 38.8. Find molecular 
weight of the oxime. Ans. 73. 

76. The ionization of a normal solution is 8oj^, two 
ions being formed. What will the depression of the 
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freezing-point be, water {K = 18.9) being the solvent ? 

A71S, 3°. 4. 

TJ, The freezing-point of a solution of KOH is 
determined and 10 grams of AI^Oj are added to it. 
Provided the ionization before and after the addition is 
the same, how will the freezing-point change ? 

^jZ, The molecular depression of an aqueous solution 
containing an ionized substance is 22°. Find the 
degree of ionization of the substance in that volume. 

Ans. a = 16.4^. 

79. A normal water solution gives a depression of 
2°. I, when the overcooling is 2.21. What is the 
strength of the solution whose freezing-point is 
observed ? Ans. 0.972 JV. 

80. Find the freezing-point depression of the normal 
solution itself in (79). Ans, 2°. 04. 

8 1 . Find the heat of fusion of nitrobenzene ; its melt- 
ing-point is 5°. 3, the molecular depression is A' = 70.7. 

Ans, 22.1 cals. 

82. The specific heat of nitrobenzene is 0.3524, its 
heat of fusion is 22.1 cals. Find the amount of solid 
separated by an overcooling of 1°. 

Ans, 15.94 gr. per 1000. 

83. In (71) find the osmotic pressure of Pin the 
CSg solution. Jcs, = 1.2224, ^ = 86.7, boiling-point 
= 46°, and M= 76. Ans, 6 atmos. 

84. Find the relative depression of the vapor-pres- 
sure in (71) of P in CSg solution. Afts. o. 142. 

85. In (75) find the osmotic pressure of the oxime in 
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glacial acetic acid, s = 1.056, w = 44, melting-point 
= 17°, and M=z 60. Ans, 1.02 atmos. 

86. In (75) find the relative depression of the vapor- 
pressure of the solution . Ans. 0.004. 

87. A O.I normal solution of acetic acid in water 
freezes 0°. 1927 lower than HgO. Find the degree of 
ionization of the acetic acid. Ans. oc = 1.9^. 

88. A .15 normal solution of succinic acid freezes 
0^.2864 lower than HgO. Find the ionization of the 
acid. Ans, « = ij^. 

89. A saturated aqueous solution of ether freezes at 
— 3.85. When 4.76 gr. of I are dissolved in 100 gr. 
ether, a saturated aqueous solution freezes at — 3.789. 
Find molecular weight of I in ether. A?is, 239. 

VI. 

(See Chapter VI.) 

90. Find the heat of decomposition of HgOg in water 
from the following reactions : 

SnCl^. HgCl^. Aq+O = SnCl,. Aq-j- Hp-f 6 5 7K, 
SnCl2.H2Cl2Aq+HP2Aq=SnCl,Aq+2H20+888;ir. 

Ans, 231K. 

91 . The heat of combustion of NH3 in O at constant 
volume is 

2NH3+ 3O = 3H2O + N2+ 1812. 

Find heat of formation of NH3 from its elements. 

Ans, 120K, 

92. How does the heat of combustion of H with O 
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to form liquid H2O vary with the temperature ? The 
specific heat of 72 gr. of \l,p is 0.72 A', and that of 
4 gr. of H plus 32 gr. of O is 0.2506. 

Ans. — o.0772A'per degree. 

93. CH, + 2O2 = C(\, + 2Hp + 2ii9A^. Find 
heat of formation of CH^. Ans. 21 SK. 

94. A'^- Aq = KOHAq + H + 481 A', 
2H + O = H^O + 684;^. 

Find the heat of formation of KOH Aq from the ele- 
ments. Ans. ii6$/C/ 

95. Zn + 2HClAq = ZnCl^Aq + 2H + 342Ar at 
constant pressure. What is it for constant volume ? 
Temperature is 20°. 

96. The following reactions take place: 

CeH, + 9^= 6C0, +j>K 

and 

C,H, + 90,= 6CO, + 3H,0 + xK. 

At 27°, assuming these to be at constant pressure, find 
values for constant volume. 

VII. 

(See Chapter VII.) 

97. In a volume of i liter there are o. 14 mols of H 
and 0.081 mols of I. At the temperature of 440° AT in 

is equal to 0.0377. Find what proportion of H unites 
to form HI. Ans. 0.62. 
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98. The initial pressure of I is 38.2 cm., the fraction 
uniting with H is 0.8. What is the original pressure 
of the H ? K^=. 0.01984. Ans, 28 cm. 

99. Contrast the effect of external pressure upon 
the following reactions: 

A +2^= C; 
^2 + ^2 = 2^^; 

100. The constant of equilibrium for-the reaction of 
amylene and acetic acid is 0.001205. At the tempera- 
ture at which this is true 2 mols of amylene are mixed 
with a mols of acid in 2 liters, and 0.5 mol of ester is 
formed. Find a^ the original number of mols of acid. 

loi. The degree of ionization, a, for KCl is 

Fi = 0-75» ^10 = 0-94, f^ioooo = 99. Find K, the 
ionization constant, by the dilution laws of Ostwald, 
Rudolphi, and van*t Hoff, and compare them. 

102. A small amount of base is mixed with a large 
amount of a solution containing equimolecular amounts 
of acetic and benzoic acids. How much of each salt is 
formed } 

103. A small amount of base is mixed with a large 
amount of a mixture containing two acids ; one is dis- 
sociated to 10^, the other to 905^. How much salt of 
each is formed } 

104. To I liter of an acid with an ionization constant 
K ^=' 0.000018 is added a salt with a degree of dv^*^-^- 
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ciation equal to looj^. How strong a solution must 
be added to decrease the H ions one tenth ? 

105. What is an isohydric solution of two acids for 
which we have ATj = 0.000018 and K^ = 0.000138 ? 

106. Write the application of the law of mass, action 
for the reaction 

Fe + 4H,0 = Fe,0, + 4H, , 

and calculate K for H^O = 4.6 mm., H = 25.8, and 
for HjO = 10. 1 and H = 57.9. 

107. For NH.HS = HjjS + NH3 , iT = 62400 at 
25°. I C, o. 10 mols of NH3 are brought together with 
0.6 mols of HgS in 5 liters. How much NH, and H^S 
remain free } 

108. At 1 8°. 4 I mol of BaSO^ dissolves in 50055 
liters, at 37°. 7 in 31282 liters. On the justified sup- 
position that BaSO^ is completely ionized, find the heat 
of dissociation. Ans. 5500 cals. 

109. The salt NagHPO^. 12H2O has a vapor-pres- 
sure at 15° of 8.84 mm., at 17''. 3 /= 10.53 nim. 
Find the heat of vaporization, i.e., the heat-change 
during loss of I mol of water of crystallization by 
evaporation. Ans, 128 17 cals. 

1 10. Find heat of dissociation of acetic acid in H,0. 
Log K^^ = 0.2051, log Ar,2 = 0.2051. 

Ans, — 392 cals. 

111. A mixture of alcohol and hydrochloric acid is 
an equilibrium in which a certain amount of HjO is 
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formed. At yj'' K= 0.307, at 99° K=^ 0.177. Find 
the heat generated by the reaction. 

Ans. + 6489 cals. 

112. By mixing i mol of CgHgCOOH with i mol of 
NaOH we observe a heat of neutralization of 13480 
cals. Find the theoretical value. In a normal solu- 
tion of NaOH, a= 0.861, the heat of dissociation is 
w '=z — 647; for CgH^COOH, <^= 0.06, w = 391, and 
for CjHjCOONa, a= 0.742, and ze/ = 233 cals. 

Ans. 13460 cals. 

1 13. The solubility of BaSO^ is i mol in 37282 liters 
«^t 37°.7. Find solubility product. 

114. Find hydrolytic dissociation of o.i normal 
NaHS. H X HS = ^ = 570 X lo-^^ 

Ans. = 0.145^, 

115. Pblj at 25°. 2 is soluble to 0.00158 mols per 
liter, i.e., 

Pb X 2P = S. 

Find solubility in a n/\o solution of*I ions. 

1 16. PbBrg dissociates into PbBr = 0.02628 mols per 

liter, Pb = 0.01603, and Br = 0.04125, while the 
undissoctated portion PbBrg unchanged = 0.00106. 
Find solubility product for both steps of the dissocia- 
tion. 

4-+ - + - 

Ans. Pb X Brg = 0.02727, PbBr x Br = 0.0379. 

117. In ( 1 16) find solubility in a o. i normal solution 
of Br ions and give concentration of each ioi). 
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1 1 8. KCN is dissociated hydrolytically in solution. 
K for HCN = 13 X lo-^ and K for Hp (25°) = 
(1.09 X lo-'')"^. Find amount of K ions necessary to 
be in solution to prevent hydrolysis. 

119. Water under atmospheric pressure at 16° 
absorbs 0.9753 liters of COg to the liter, i.e., 0.04354 
mols per liter. Of this 0.000115 mol is ionized 

(0.264^) into H and HCO3 ions. What is the solubility 
product of H3CO3 ? ^ ;/ J. 1 . 3 24 X I O — ^. 

120. At 25° solubility product of HgCOj into H and 

4- 

HCO, is 1.222 X io~^. Find concentration of H and 



HCO3 ions. 

121. The solubility product of the substance AC3 is 
0.00621. Find concentration of A and C ions. 

122. AgCNO is soluble at 100° to 0.008 mols per 
liter. How much would dissolve in a solution contain- 
ing o. I mol of Ag ions t 

123. The solubility of a base is o.oooi mols per 
liter. The formula of it is X(OH),. Will it dis- 
sociate hydrolytically in water at 25°, for which K zzi 
(1.09 X 10- '^)2.? 

1 24. What acids could not be used with an indicator 
with a concentration of H ions equal to 0.002 mols 
per liter t 

125. The solubility of Mg(OH)2 is 0.00002 mols per 
liter. If there is \ mol of NH^l present in solution, 

how many OH ions must be ^dded before the solubility 
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product of Mg(0H)2 can be reached ? K for NH^H 
= 0.0023. 

126. A carbonate is soluble to o.oooi mols per liter, 
but is 505^ hydrolytically dissociated. Find solubility 
product. 

127. At 25° S for AgBr is 86 X lo-^, S for Agl = 
0.97 X iO~^. How many Br ions must be added to 
start precipitation of AgBr from solution of Agl } 

128. AgCl, AgBr, and Agl are dissolved together. 

4- - ~ 

What concentration exists of Ag, Br, CI, and I ions 
per liter ? 

IX. 

(See Chapter IX.) 

129. Change 1000 calories into watt-seconds. 

Afis, 4177. 

130. Change 350 watt-seconds into calories. 

Ans. 93.8. 

131. With inert electrodes, 0.1099 gi*- of Ag 
deposited, analysis before passage of current gives 
0.4166 gr. AgCl, after passage 0.3358. Find migra- 
tion velocity of AgSO^. Ans, u = 0.45, z; = 0.55. 

132. Electrodes of Cu, solution of CuSO^ in H^O. 
Cu deposited by current is 0.2294 gr. 32.36 gr. at 
anode contained 1. 195 gr. Cu before electrolysis, 32.78 
gr. after electrolysis contained 1.360 gr. Find « 
and V. Ans. u = 0.28, v = 0.72. 
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133. KCl in solution of 0.691 mols per liter gives 
conductivity of 690 X 10- '^ at 18. Find ^a^. 

Ans. /i^ = 99.9. 

1 34. NaCl, 5. 325 ipols per liter, //^ = 40.4. Find X- 

Ans. 0.21 5 1. 

135. A molecular conductivity according to Ostwald 
is 1 12. What is //^ ? Ans. 1 19. 

136. 0.02 normal KCl solution (a:,8 = 0.002397) 
gives in a certain vessel with a resistance of ^ = 200 
ohms, ad = 57, dd = 43. Find capacity of electrode 
cell. Ans, 0.36. 

137. Find dissociation constant for NH^OH. V^ = 
3.4, F;g = 4.8, F32 = 6.7, Kg, = 9.5, ^,23=13.5, 
F25g=i8.2. Ans. A'= 0.0023. 

138. Lactic acid at 17°. 5. ^^32= 24.6, V^ = 34.3, 
f^i28 = 47-4, f^256 = 64.2, F,72 = 87.6, V,^ = 1 16.9. 
Find dissociation constant. JC = 0.0138. 

1 39. In a o. I normal solution of KNO3 , NO3 has a 
migration velocity of 0.497 and K of 0.503. Find 
conductivity in this solution for K and NO3. jj^ = 

704.4. 

140. At infinite dilution the molecular conductivity 
is 91. What is it when the dissociation is 50^ ? 

Ans. 45.5. 

141. HI. V, = 364, l\ = 376, V, = 384, y^s = 
39i» ^32 = 397. F,, :=402, F12, = 405, ^2^ = 406. 
Find K by Ostwald 's and van*t Hoff's dilution laws 
and compare constancy. 
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142. For KNO3 at 18°, 1.05 1 mols per liter, fi^ = 

dX 
79» a: X 10* = 839, -^ = 0.0205. What IS x at 22° ? 

Ans. 907.8. 

143. Find the concentration of H and OH ions at 
50° in HgO, Afso == 0. 17 X io-«. Ans. 0.35 X lo-^. 

144. The absolute velocity of migration is 0.00057 



cm. per second, and of CIO3 is 0.00057. Find molec- 
ular conductivity of a solution of AgClOj which is 
infinitely dilute. 

145. The molecular conductivity of a sodium salt of 
an acid is F32 = 89.9, ^^, = 97.1, ^123= 104.5, 
V^= 1 1 I.I, F;,2 = 117-2, V^^^ = 122.7. Find 
basicity of the acid. 

146. The molecular conductivity of KgSO^ at V^^ 
and 25° is 283.8. What is it at infinite dilution ? 

Ans. 295.8. 

147. >&iH2C03 = H X HCO3; 

k^UCO^ = H X C63. 

k^ = 3.04 X 10--', ^2 = 1-295 X 10 -^^ Find concen- 

-I- __ _ ^ 

tration of H, CO3, and HCO3 ions in a water solution 

containing 2 grams of COg to the liter. 

148. The conductivity of AgCl at 18°, i.e., of a 
saturated solution, is 2.4 X 10 ~®. The conductivity 
of the water used was x z=i 1.16 X 10—^. AgCl has a 
molecular conductivity of 12 1.8. Find solubility of 
AgCl, Ans. 1.02 X 10 ~^ mols per liter. 
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149. The molecular conductivity of KCIO3 is 12 1.5, 
of Mg(N03)2 is 156.8, both at infinite dilution and i&**. 
What is it for KNO3 ? 

150. Find the voltage of the cell 

Hg/HgCl - KCl - KOH - Hg^/Hg, 

dt 
where q = — 3280 cals and T-^ = 1 1276. 

151. A KCN solution is added to the Cu side of a 
Daniell cell and no E. M. F. is given after addition. 
What conclusions are to be drawn ? 

152. A single electrode in connection with the 
normal electrode gives the E.M.F. of 1.02 volts, the 
normal electrode being the positive pole. What 
E.M.F. has the single electrode ^ 

153. A cell with electrodes of the same univalent 
metal gives an E.M.F. =0.35 volts. The concentra- 
tion of metal ions on one side (i.e., the positive) is 0.02 
mols per liter ; what is that of the other side } 

1 54. In the hydrogen-gas cell acetic acid is on one 
side and propionic on the other, at the same dilution. 
What E.M.F. will be given, and which will be posi- 
tive ? 

155. In the above cell the pressure of H gas over 
the electrodes is increased ten times. How does the 
E.M.F. increase } 

156. What increase in E.M.F. is necessary to sep- 
arate up to 0.0001 mols of a univalent metal over that 
which has separated up to 0.0 1 mols per liter 1 
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Patton's Treatise on Civil Engineering 8vo, half leather, 7 60 

Reed's Topographical Drawing and Sketching 4to, 6 OO 

Rideal's Sewage and the Bacterial Purification of Sewage. .8vo, 3 60 

Siebert and Biggin's Modem Stone-cutting and Masonry.. 8vo, 1 60 

Smith's Manual of Topographical Drawing. (Mdifillan.). .8vo, 2 60 

*Trautwine's Civil Engineer's Pocket-book. .. .16mo, morocco, 6 OO 

Wait's Engineering and Architectural Jurisprudence 8vo, 6 OO 

Sheep, 6 60 
" Law of Operations Preliminary to Construction in En- 
gineering and Architecture 8vo, 6 00 

Sheep, 6 60 

" Law of Contracts 8vo, 3 00 

Warren's Stereotomy — ^Problems in Stone-cutting 8vo, 2 60 

Webb's Problems in the Use and Adjustment of Engineering 

Instruments 16mo, morocco, 1 26 

♦ Wheeler's Elementary Course of Civil Engineering 8vo, 4 OO 

Wilson's Topographic Surveying 8vo, 3 60 

BSIDOES AND KOOFS. 

Boiler's Practical Treatise on the Construction of Iron Highway 

Bridges 8vo, 2 00 

♦ Boiler's Thames River Bridge 4to, paper, 6 OO 

Burr's Course on the Stresses in Bridges and Roof Trusses, 

Arched Ribs, and Suspension Bridges 8vo, 3 60 

Du Bois's Stresses in Framed Structures Small 4to, 10 OO 

Foster's Treatise on Wooden Trestle Bridges 4to, 6 00 

Fowler's Coflfer-dam Process for Piers 8vo, 2 60 

Greene's Roof Trusses 8vo, 1 26 

" Bridge Trusses 8vo, 2 60 

" Arches in Wood, Iron, and Stone 8vo, 2 60 

Howe's Treatise on Arches 8vo, 4 OO 



Johnson, Bryan and Tumeaure's Theory and Practice in the 

Designing of Modem Framed Structures Small 4to, 10 00 

Merriman and Jacoby's Text-book on Roofs and Bridges: 

Part I.— Stresses in Simple IVusses 8vo, 2 60 

Part n.— Graphic Statics 8vo, 2 00 

Part m.— Bridge Design. Fourth Ed. {In preparation,) . .8vo, 2 60 

Part IV.—Higher Structures 8vo, 2 60 

Morison's Memphis Bridge 4to, 10 00 

Waddell's De Pontibus, a Pocket Book for Bridge Engineers. 

16mo« mor., 3 00 

" Specifications for Steel Bridges 12mo, 1 26 

Wood's Treatise on the Theory of the Construction of Bridges 

and RoofiB 8vo, 2 Oa 

Wright's Designing of Draw-spans: 

Part L— -Plate-girder Draws 8vo, 2 60- 

Part n. — Riveted-truss and Pin-connected Long-span Draws. 

8vo, 2 60 

Two parts in one volume 8vo, 3 60 

HTDRATTUCS. 

Bazin's Experiments upon the Contraction of the Liquid Vein 

Issumg from an Orifice. (TYautwine.) 8vo, 2 00 

Bovey's Treatise on Hydraulics 8vo, 6 OO 

Church's Mechanics of Ei^gineering Svo, 6 00 

OoflSn's Graphical Solution of Hydraulic Problems. .16mo, mor., 2 60 

Mather's Dynamometers, and the Measurement of Power. 12mo, 3 OO 

Folwell's Water-supply Engineering 8vo, 4 00 

Frizell's Water-power 8vo, 6 OO 

Fuertes's Water and Public Health 12mo, 1 60 

" Water-filtration Works 12mo, 2 60 

Ganguillet and Kutter's General Formula for the Uniform 
Flow of Water in Rivers and Other Channels. ( Ber- 
ing and Trautwine.) 8vo, 4 OO 

Hazen's Filtration of Public Water-supply 8vo, 3 00 

Hazleurst's Towers and Tanks for Water- works 8vo, 2 60 

Herschel's 116 Experiments on the Carrying Capacity of Large, 

Riveted, Metal Conduits 8vo, 2 OO 

Mason's Water-supply. (Considered Principally from a Sani- 
tary Standpoint.) 8vo, 6 00 

Merriman's Treatise on Hydraulics 8vo, 4 00 

* Michie's Elements of Anal^cal Mechanics 8vo, 4 00 

Schuyler's Reservoirs for Irrigation, Water-power, and Domestic 

Water-supply Large 8vo, 6 00 

Tumeaure and Russell. Public Water-supplies 8vo, 6 00 

Wegmann's Design and Construction of Dams 4to, 6 00 

" Water-supply of the City of New York from 1668 to 

1896 4to, 10 00 

Weisbach's Hydraulics and Hydraulic Motors. (Du Bois.) . .8vo, 6 OO 

Wilson's Manual of Irrigation Engineering Small 8vo, 4 OO 

Wolff's Windmill as a Prime Mover 8vo, 3 OO 

Wood's Turbines 8vo, 2 60 

Elements of Analytical Mechanics 8vo, 3 00 
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MATESIALS OF ENOINEEKINO. 

Baker's Treatise on Masonry Construction 8vo, 6 OO 

Black's United States Public Works Oblong 4to, 6 OO 

Bovey 's Strength of Materials and Theory of Structxr:^"^ , . » .%^^^ '\ ""^^ 
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Burr's Elasticity and Resistance of the Materials of Engineer- 
ing ,. .8vo, 5 oe 

Byrne's Highway Construction Syo, 5 00 

*' Inspection of the Materials and Workmanship Em- 
ployed in Construction 16mo, 3 00 

Church's Mechanics of Engineering Svo, 6 00 

Du Bois's Mechanics of Engineering. Vol. I Small 4to, 10 00 

Johnson's Materials of Construction Large Svo, 6 00 

Keep's Cast Iron. {In preparation,) 

Lanza's Applied Mechanics 8yo, 7 50 

Hartens's Handbook on Testing Materials. (Henning.) 

2 vols., 8vo, 7 60 

Merrill's Stones for Building and Decoration Syo, 5 00 

Merriman's Text-book on tne Mechanics of Materials Svo, 4 00 

Merriman's Strength of Materials 12mo, 1 00 

Metealf s Steel. A Manual for Steel-users 12mo, 2 00 

Patton's Practical Treatise on Foundations Svo, 5 00 

Rockwell's Roads and Pavements in France 12mo, 1 26 

ISmith's Wire: Its Use and Manufacture Small 4to, 8 00 

Bpalding's Hydraulic Cement 12mo, 2 00 

" Text-book on Roads and Pavements 12mo, 2 00 

Thurston's Materials of Engineering 3 Parts, 8vo, 8 00 

Part I. — Non-metallic Amterials of Elngineering and Metal- 
lurgy 8vo, 2 00 

Part n. — Iron and Steel 8vo, 3 60 

Part in. — ^A Treatise on Brasses, Bronzes and Other Alloys 

and Their Constituents 8vo, 2 60 

Thurston's Text-book of the Materials of Construction 8vo, 6 00 

Tillson's Street Pavements and Paving Materials 8vo, 4 00 

Waddell's De Pontibus. (A Pocket-book for Bridge Engineers.) 

16mo, morocco, 3 00 

** Specifications for Steel Bridges 12mo, 1 26 

Wood's Treatise on the Resistance of Materials, and an Ap- 
pendix on the Preservation of Timber 8vo, 2 00 

" Elements of Analytical Mechanics 8vo, 3 00 

RAILWAY ENGINEEEING. 

Berg's Buildings and Structures of American Railroads. .4to, 6 00 

Brooks's Handbook of Street Railroad Location. . 16mo, morocco, 1 60 

Butts's Civil Engineer's Field-book 16mo, morocco, 2 60 

Crandall's Transition Curve 16mo, morocco, 1 60 

" Railway and Other Earthwork Tables Svo, 1 60 

Dawson's Electric Railways and Tramways. Small 4to, half mor., 12 60 
" "Engineering" and Electric Traction Pocket-book. 

16mo, morocco, 4 00 

Dredge's History of the Pennsylvania Railroad: (1870.) .Paper, 6 00 
* Drmker's Tunneling, Explosive Compounds, and Rock Drills. 

4to, half morocco, 26 00 

Fisher's Table of Cubic Yards Cardboard, 26 

Oodwin's Railroad Engineers' Field-book and Ebcplorers' Guide. 

16mo, morocco, 2 60 

Howard's Transition Curve Field-book 16mo, morocco, 1 60 

Hudson's Tables for Calculating the Cubic Contents of Exca- 
vations and Embankments Svo, 1 00 

Nagle's Field Manual for Railroad Engineers 16mo, morocco, 3 00 

Phubrick's Field Manual for Engineers 16mo, morocco, 3 00 

Pratt and Alden's Street-railway Road-bed 8vo, 2 00 



Searles's Field Bngineering 16mo, morocco, 3 00 

" Railroad Spiral 16mo, morocco, 1 50 

Taylor's Prismoidal Formulffi and Earthwork 8vo, 1 50 

* Ttuutwine's Method of Calculating the Cubic Contents of Ex- 

cavations and Embankments by the Aid of Dia- 
grams 8vo, 2 00 

* ** lie Field Practice of Laying Out Circular Curves 

for BaUroads 12mo, morocco, 2 50 

* *' Cross-section Sheet Paper, 26 

Webb's Bailrcmd Construction 8vo, 4 00 

Wellington's Economic Theory of the Location of Railways. . 

Small 8vo, 5 00 



BRAWINO. 

Barr's Kinematics of Machinery 8vo, 2 60 

♦ Bartletf s Mechanical Drawing 8vo, 3 00 

Durley's Elementary Text-book of the Kinematics of Machines. 

• {In preparation,) 
Hill's Text-book on Shades and Shadows, and Perspective. . 8vo, 2 00 
Jones's Machine Design: 

Part I. — ^Kinematics of Machinery 8vo, 1 50 

Part n. — ^Form, Strength and Proportions of Parts 8vo, 3 00 

MacCord's Elements of Descriptive Geometry 8vo, 3 00 

'' Kinematics; or, Practical Mechanism 8vo, 5 00 

" Mechanical Drawing 4to, 4 00 

" Velocity Diagrams 8vo, 1 50 

'"Mahan's Descriptive Geometry and Stone-cutting 8vo, 1 50 

Mahan's Lidustrial Drawing. (Thompson.) 8vo, 3 50 

Reed's Topographical Drawing and Sketching 4to, 5 00 

Raid's Course in Mechanical Drawing 8vo, 2 00 

** Text-book of Mechanical Drawing and Elementary Ma- 
chine Design 8vo, 3 00 

Robinson's Principles of Mechanism 8vo, 3 00 

Smith's Manual of Topographical Drawing. (McMiUan.).8vo, 2 50 
Warren's Elements of Plane and Solid Free-hand Geometrical 
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Drawing 12mo, 1 00 

*' Drafting Instruments and Operations 12mo, 1 26 

Manual of Elementary Projection Drawing 12mo, 1 60 

Manual of Elementary Problems in the Linear Per- 
spective of Form and Shadow 12mo, 1 00 

Plane Problems in Elementary Geometry 12mo, 1 26 

Primary Geometry 12mo, 75 

" Elements of Descriptive Geometry, Shadows, and Per- 
spective 8vo, 3 50 

** General Problems of Shades and Shadows 8vo, 3 00 

Elements of Machine Construction and Drawing. .8vo, 7 50 
Problems, Theorems, and Examples in Descriptive 

Geometry 8vo, 2 50 

Weisbach's Kinematics and the Power of Transmission. (Herr- 
mann and Klein.) 8vo, 5 00 

Whelpley*s Practical Instruction in the Art of Letter En- 
graving 12mo, 2 00 

Wilson's Topographic Surveying 8vo, 3 60 

Wilson's Free-hand Perspective 8vo, 2 60 

Woolf's Elementary Course in Descriptive Geometry. .Large 8vo, 3 00 
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ELECTRICITY AND PHYSICS. 

Anthony and Brackett's Text-book of PhysicB. (Magie.) 

Small 8yo, 3 00 
Anthony's Lecture-notes on the Theory of Electrical Measur- 

ments 12mo, 1 00 

Benjamin's History of Electricity Svo, 3 00 

Benjamin's Voltaic Cell 8vo, 3 00 

Classen's Qantitative Chemical Analysis by Electrolysis. Her- 

rick and Boltwood.) 8vo, 3 00- 

Crehore and Squier's Polarizing Photo-chronograph Svo, 3 00 

Dawson's Electric Railways and Tramways..SmaU 4to, half mor., 12 60 
Dawson's "Engineering" and Electric Traction Pocket-book. 

16mo, morocco, 4 00 

Flather's Dynamometers, and the Measurement of Power. . 12mo, 3 00 

Gilbert's De Magnete. (Mottelay.) Svo, 2 60 

Holman's Precision of Measurements Svo, 2 00 

" Telescopic Mirror-scale Method, Adjustments, and 

Tests Large Syo, 75 

Landauer's Spectrum Analysis. (Tingle.) Svo, 3 00 

Le Chatelier's High- temperature Measurements. (Boudouard — 

Burgess.) 12mo, 3 00 

LOb's Electrolysis and Electrosynthesis of Organic Compounds. 

(Lorenz.) 12mo, 1 00 

Lyons's Treatise on Electromagnetic Phenomena Syo, 6 00 

*Michie. Elements of Wave Motion Relating to Sound and 

Light Svo, 4 00 

Niaudet's Elementary Treatise on Electric Batteries (Fish- 
back.) 12mo, 2 60 

* Parshall and Hobart's Electric GeneratorB..Small 4to, half mor., 10 QO 
Thurston's Stationary Steam-engines Syo, 2 60 

* Tillman. Elementary Lessons in Heat 8yo, 1 60 

Tory and Pitcher. Manual of Laboratory Physics. .Small 8yo, 2 00 

LAW. 

* Davis. Elements of Law 8yo, 2 60 

* " Treatise on the Military Law of United States. .8yo, 7 00 

* Sheep, 7 60 

Manual for Courts-martial 16mo, morocco, 1 60 

Wait's Engineering and Architectural Jurisprudence 8yo, 6 00 

Sheep, 6 60 
" Law of Operations Preliminary to Construction in En- 
gineering and Architecture 8yo, 6 00 

Sheep, 6 60 

** Law of Contracts 8yo, 3 00 

Winthrop's Abridgment of Military Law 12mo, 2 60 

MANTTFACTURES. 

Beaumont's Woollen and Worsted doth Manufacture. . . .12mo, 1 50 
Bemadou's Smokeless Powder — ^Nitro-cellulose and Theory of 

the Cellulose Molecule i2mo, 2 50 

Bolland's Iron Founder 12mo, doth, 2 60 

'* " The Iron Founder " Supplement 12mo, 2 60 

" Encyclopedia of Founding and Dictionary of Foundry 

Terms Used in the Practice of Moulding. . . .12mo, 3 00 

Eissler's Modem High Explosives 8yo, 4 00 

Effront's Enzymes and their Applications. (Prescott.) {In preporatUm,} 

Htzgerald'B Boston Machinist 18mo, 1 00 



Ford's Boiler Making for Boiler Makers 18mo, 1 00 

Hopkins's Oil-chemists' Handbook 8vo, 3 00 

Keep's Cast Iron. {In preparation,) 

Metcalf's Steel. A Manual for Steel-users 12mo, 2 OO 

Metcalf 8 Ck)st of Manufacture»— And the Administration of 

Workshops, PubUc and Private 8vo, 6 00 

Meyer's Modem Locomotive Construction 4to, 10 00 

♦ Reisig's Guide to Piece-dyeinff 8vo, 25 00 

Smith's Press-working of Metids 8vo, 3 00 

" Wire: Its Use and Manufacture Small 4to, 3 00 

Spaldinff's Hydraulic Cement 12mo, 2 00 

Spencers Handbook for Chemists of Beet-sugar Houses. 

16mo, morocco, 3 OO 
" Handbook for Sugar Manufacturers and their Chem- 
ists 16mo, morocco, 2 00 

Thurston's Muiual ot Steam-boilers, their Designs, Construc- 
tion and Operation 8vo, 5 00 

Walke's Lectures on Explosives 8vo, 4 00 

West's American Foundry Practice 12mo, 2 60 

" Moulder's Text-book 12mo, 2 60 

Wiechmann's Sugar Analysis Small 8vo, 2 60 

Wolflfs Windmill as a Prime Mover 8vo, 3 00 

Woodbury's Fire Protection of Mills 8vo, 2 50 



MATHEMATICS. 

Baker's Elliptic Functions 8vo, 1 60 

* Bass's Elements of Differential Calculus 12mo, 4 OO 

Briggs's Elements of Plane Analytic Geometry 12mo, 1 00 

Chapman's Elementary Course in Theory of iiquations. . .12mo, 1 50 

Compton's Manual of Logarithmic Computations 12mo, 1 60 

Davis's Introduction to the Logic of Algebra 8vo, 1 60 

Halsted's Elements of Gteometry 8vo, 1 75 

" Elementary Synthetic Geometry. 8vo, 1 60 

Johnson's Three-place Logarithmic Tables : v est-pocket size, pap., 16> 

100 copies for 6 00 

Mounted on heavy cardboard, 8 X 10 inches, 26> 

10 copies for 2 OO 
** Elementary Treatise on the Integral Calculus. 

Small 8vo, 1 50 

'' Curve Tracing in Cartesian Co-ordinates 12mo, 1 OO 

" Treatise on Ordinary and Partial Differential 

Equations Small 8vo, 3 50 

" Theory of Errors and the Method of Least 

Squares 12mo, 1 50 

* ** Theoretical Mechanics ,„,..12mo, 3 OO 

* Ludlow and Bass. Elements of Trigonometry and Logarith- 

mic and Other Tables 8vo, 3 00 

** Trigonometry. Tables published separately. .Each, 2 OO 

Morriman and Woodward. Higher Mathematics 8vo, 5 00 

Meniman's Method of Least Squares 8vo, 2 0^ 

Rice and Johnson's Elementary Treatise on the Differential 

Calculus Small 8vo, 3 OO 

** Differential and Integral Calculus. 2 vols. 

in one Small 8vo, 2 50 

Wood's Elements of Co-ordinate Geometry 8vo, 2 00 

** Trigometry: Analytical, Plane, and SpKetlcftA. . , . .>a;«sa^ ^.^*^ 
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MECHANICAL ENOINEEKINO. 

MATERIALS OF ENGINEERING, STEAM ENGINES 

AND BOILERS. 

Baldwin's Steam Heating for Buildings 12mo, 2 60 

Barr's Kinematics of Machinery 8vo, 2 60 

* Bartlett's Mechanical Drawing 8vo, 3 00 

Benjamin's Wrinkles and Recipes 12mo, 2 00 

Carpenter's Experimental Engineering Syo, 6 00 

" Heating and Ventilating Buildings Svo, 3 00 

Olerk's Gas and Oil Engine Small 8yo, 4 00 

Cromwell's Treatise on Toothed (bearing 12mo, 1 60 

" Treatise on Belts and Pull^s 12mo, 1 60 

Durley's Elementary Text-book of the Kinematics of Machines. 

{In preparation.) 

Flather's Dynamometers, and the Measurement of Power ..12mo, 3 00 

" Rope Driving 12mo, 2 00 

Cill's Gas an Fuel Analysis for Engineers 12mo, 1 26 

Hall's Car Lubrication 12mo, 1 00 

Jones's Machine Design: 

Part I. — ^Kinematios of Machinery Svo, 1 60 

Part n. — ^Form, Stren^h and Proportions of Parts Syo, 3 09 

Kent's Mechanical Engineers' Pocket-book. .. .16mo, morocco, 6 00 
Kerr's Power and Power Transmission. {In preparation.) 

MacCord's Kinematics; or. Practical Mechanism 8vo, 6 00 

** Mechanical Drawing 4to, 4 00 

" Velocity Dia^ams 8vo, 1 60 

Mahan's Industrial Drawing. (Thompson.) 8yo, 3 60 

Poole's Calorific Power of Fuels 8vo, 3 00 

Reid's Course in Mechanical Drawing. 8yo, 2 00 

" Text-book of Mechanical Drawing and MemenUiry 

Machine Design 8yo, 3 00 

Richards's Compressed Air 12mo, 1 60 

Robinson's Principles of Mechanism 8yo, 3 00 

Smith's Press- working of Metals 8yo, 3 00 

Thurston's Treatise on Friction and Lost Work in Machin- 
ery and Mill Work 8yo, 3 00 

" Animal as a Machine and Prime Motor and the 

Laws of Energetics 12mo, 1 00 

Warren's Elements of Machine Construction and Drawing. .8yo, 7 60 
Weisbach's Eanematics and the Power of Transmission. (Herr- 
mann—Klein.) 8yo, 6 00 

" Machinery of Transmission and Goyemors. (Herr- 
mann—Klein.) 8yo, 6 00 

" Hydraulics and Hydraulic Motors. (Du Bois.) .8yo, 6 00 

Wolff's Windmill as a Prime Moyer 8yo, 3 00 

Wood's Turbines 8yo, 2 60 

MATEBIALS OF ENOINEEBINO. 

Bovey's Strength of Materials and Theory of Structures. .8yo, 7 60 
Burr's Elasticity and Resistance of the Materials of Engineer- 
ing 8yo, 6 00 

•Church's Mechanics of Engineering 8yo, 6 00 

Johnson's Materials of Construction Large 8yo, 6 00 

"Keep's Cast Iron. {In preparation.) 

Xanza's Applied Mechanics 8yo, 7 60 

Martens'a Handbook on Testing Materials. (Henning.) 8yo, 7 60 

J^erriman'a Text-book on the "MLec\i«co\e^ ol l&».\«rv^^ ft^o, 4 00 

^ Strength of Maieriala .Ytoaa, Y^ 
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Metcalf s Steel. A Manual for Steel-users 12mo, 2 OO 

Smith's Wire: Its Use and Manufacture Small 4ta, 3 OO 

Thurston's Materials of Engineering 3 vols., Svo, 8 Oa 

Part n.— -Iron and Steel 8vo, 3 50- 

Part m. — ^A Treatise on Brasses, Bronzes and Other Alloys 

and their Constituents Svo, 2 50 

Thurston's Text-book of the Materials of Construction 8vo, 5 OO 

Wood's Treatise on the Resistance of Materials and an Ap- 
pendix on the Preservation of Timber 8vo, 2 OO 

" Elements of Analytical Mechanics 8vo, 3 OO 

STEAM ENGINES ANB BOHESS. 

Camot's Reflections on the Motive Power of Heat. (Thurston.) 

12mo, 1 50 
Dawson's " Engineering " and Electric Traction Pocket-book. 

IGmOy morocco, 4 OO 

Ford's Boiler Making for Boiler Makers 18mo. 1 00 

Hemenway's Indicator Practice and Steam-engine Economy. 

12mo, 2 00 

Mutton's Mechanical Engineering of Power Plants 8vo, 5 OO 

" Heat and Hea^engines 8vo, 5 OO 

Kent's Steam-boiler Economy 8vo, 4 00 

Elneass's Practice and Theory of the Injector 8vo, 1 50 

MacCord's Slide-valves 8vo, 2 00 

Meyer's Modem Locomotive Construction 4to, 10 00 

Peabody's Manual of the Steam-engine Indicator 12mo, 1 50- 

" Tables of the Properties of Saturated Steam and 

Other Vapors 8vo, 1 00 

" Thermodynamics of the Steam-engine and Other 

Heat-engines 8vo, 5 00 

" Valve-gears for Steam-engines 8vo, 2 50 

Peabody and Miller. Steam-boilers 8vo, 4 00 

Pray's Twenty Years with the Indicator Large 8vo, 2 60 

Pupin's Thermodynamics of Reversible Cycles in Oases and 

Saturated Vapors. (Osterberg.) 12mo, 1 25 

Reagan's Locomotive Mechanism and Engineering 12mo, 2 00 

Rontgen's Principles of Thermodynamics. (Du Bois.) 8vo^ 5 00 

Sinclair's Locomotive Engine Running and Management. .12mo, 2 00 

Smart's Handbook of Engineering Laboratory Practice. .12mo, 2 60 

Snow's Steam-boiler Practice 8vo, 3 00 

pier's Valve-gears .* 8vo, 2 60 

Notes on Thermodynamics 12mo, 1 00 

Thurston's Handy Tables 8vo, 1 50 

" Manual of the Steam-engine 2 vols., 8vo, 10 00 

Part I. — History, Structure, and Tkeory 8vo, 6 00 

Part n. — Desim, Construction, and Operation 8vo, 6 00 

Thurston's Handbook of Engine and Boiler Trials, and the Use 

of the Indicator and the Prony Brake 8vo, 5 00 

Stationary Steam-engines 8vo, 2 60 

Steam-boiler Explosions in Theory and in Prac- 
tice 12mo, 1 50 

" Manual of Steam-boilers, Their Designs, Construc- 
tion, and Operation Svo, 5 00 

Weisbach's Heat, Steam, and Steam-engines. (Du Bois.). .8vo, 5 00 

Whitham's Steam-engine Design %s^, ^ ^Jsfe 

Wilson's Treatise on Steam-boilers. (,¥V«A^lct.^ A&taa, ^ ^^ 

Wood's Thermodynamics, Heat ^otoT«, wv^ ^B*Sx\^^^^wi» ^^^^ 
Macbinea ««^^> 
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MECHANICS AND MACHINEBT. 

Barr's Kinematics of Machinery Svo, 2 50 

Bovey's Strength of Materials and Theory of Structures. .8vo, 7 60 

Chordal. — ^Extracts from Letters 12mo, 2 00 

Church's Mechanics of Ekigineering 8yo, 6 00 

*' Notes and Examples in Mechanics Svo, 2 00 

Compton's First Lessons in Metal- working 12mo, 1 50 

Compton and De Groodt. The Speed Lathe 12mo, 1 50 

Cromwell's Treatise on Toothed Gearing 12mo, 1 50 

'' Treatise on Belts and Pulleys 12mo, 1 50 

Dana's Text-book of Elementary Mechanics for the Use of 

Colleges and Schools 12mo, 1 50 

Dingey's Machineij Pattern Makinjg 12mo, 2 00 

Dredge's Record of the Transportation Exhibits Building of the 

World's Columbian Exposition of 1893 4to, hSl mor., 5 00 

Du Bois's Elementary Principles of Mechanics: 

Vol. I. — ^ELinematics 8vo, 8 60 

Vol. II.— Statics 8vo, 4 00 

Vol. in.— Kinetics 8vo, 3 50 

Du Bois's Mechanics of Engineering. Vol. I Small 4to, 10 00 

Durley's Elementary Text-book of the Kinematics of Machines. 

{In preparation,) 

Fitzgerald's Boston Machinist 16mo, 1 00 

Flather's Dynamometers, and the Measurement of Power. 12mo, 3 00 

" Rope Driving 12mo, 2 00 

Hall's Car Lubrication 12m09 1 00 

Holly's Art of Saw FUing 18mo, 75 

* Johnson's Theoretical Mechanics 12mo9 3 00 

Jones's Machine Design: 

Part I- — ^Kinematics of Machinery 8yo, 1 60 

Part II. — Form, Strength and Proportions of Parts 8vo, 3 00 

Kerr's Power and Power Transmission. {In preparation,) 

Lanza's Applied Mechanics 8yo, 7 50 

MacCord's Kinematics; or. Practical Mechanism 8yo, 5 00 

" Velocity Diagrams 8vo, 1 60 

Merriman's Text-book on the Mechanics of Materials 8yo, 4 00 

* Michie's EHements of Analytical Mechanics Svo, 4 00 

Reagan's Locomotive Mechanism and Engineering 12mo9 2 00 

Reid's Course in Mechanical Drawing 8to, 2 00 

'' Text-book of Mechanical Drawing and Elementary 

Machine Design 8yo, 8 00 

Richards's Compressed Air 12mo, 1 50 

Robinson's Principles of Mechanism 8yo, 3 00 

Sinclair's Locomotive-engine Running and Management. . 12mo, 2 00 

Smith's Press-working of Metals 8vo, 8 00 

Thurston's Treatise on Friction and Lost Work in Machin- 
ery and Mill Work 8vo, 8 00 

** Animal as a Machine and Prime Motor, and the 

Laws of Energetics 12mo, 1 00 

Warren's Elements of Machine Construction and Drawing. .8yo, 7 50 
Weisbach's Kinematics and the Power of Transmission. 

(Herrman — Klein.) 8vo, 6 00 

" Machinery of Transmission and Governors. (Herr- 

(man— Klein.) 8vo, f 00 

Wood*8 Elements of Analytical Mechanics 8vo, 8 00 

^ Principles of Elementary Mechanics 12mo« 1 26 

"^ Turbines 8vo, 2 60 

ne World's Columbian BxpoBitVoTi oi \%^^ ^Vi, \^ 
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METALLTJKOT. 

E^eston's Metallurgy of Silver, Gold, and Mercury: 

Vol. I.— Silver 8vo, 7 ^0 

Vol. n. — Gold and Mercury 8vo, 7 SO 

Keep's Cast Iron. (In preparation,) 

Kunhardt's Practice of Ore Dressing in Llirope 8vo, 1 SO 

Le Chatelier's High-temperature Measurements. (Boudouard — 

Burgess.) 12mo, 3 00 

Metcalf's Steel. A Manual for Steel-users 12mo, 2 00 

Thurston's Materials of Engineering. In Three Parts 8vo, 8 00 

Part n.--Iron and Steel 8vo, 3 50 

Part m. — ^A Treatise on Brasses, Bronzes and Other Alloys 

and Their Constituents 8vo, 2 50 

MINEBALOOT. 

Barringer's Description of Minerals of Commercial Value. 

Oblong, morocco, 2 50 

Boyd's Resources of Southwest Virginia 8vo, 3 00 

** Map of Southwest Virginia Pocket-book form, 2 00 

Brush's Manual of Determinative Mineralogy. (Penfield.) .8vo, 4 00 

Chester's Catalogue of Minerals 8vo, paper, 1 00 

Cloth, 1 25 

'' Dictionary of the Names of Minerals 8vo, 3 50 

Dana's System of Mineralogy Large 8vo, half leather, 12 50 

" First Appendix to Emma's New " System of Mineralogy." 

Large 8vo, 1 00 

" Text-book of Mineralogy 8vo, 4 00 

" Minerals and How to Study Them 12mo, 1 50 

" Catalogue of American Localities of Minerals. Large 8vo, 1 00 

" Manual of Mineralogy and Petrography 12mo, 2 00 

Egleston's Catalogue of Minerals and Synonyms 8vo, 2 50 

Hussak's The Determination of Rock-forming Minerals. 

(Smith.) Small 8vo, 2 00 

'^ Penfield's Notes on Determinative Mineralogy and Record of 

Mineral Tests 8vo, paper, 50 

Rosenbusch's Microscopical Physiography of the Rock-making 

Minerals. (Idding's.) 8vo, 5 00 

* Tillman's Text-book of Important Minerals and Rocks. .8vo, 2 00 
Williams's Manual of Lithology 8vo, 3 00 

lONINO. 

Beard's Ventilation of Mines 12mo, 2 50 

Boyd's Resources of Southwest Virginia 8vo, 3 00 

" Map of Southwest Virginia Pocket-book form, 2 00 

* Drinker's Tunneling, Explosive Compounds, and Rock 

Drills 4to, half morocco, 25 00 

Eissler's Modern High Explosives 8vio, 4 00 

Croodyear's Coal-mines of the Western Coast of the United 

States 12mo, 2 50 

Ihlseng's Manual of Mining. 8vo, 4 00 

Kunhardt's Practice of Ore Dressing in Europe 8vo, 1 50 

•CDriscoU's Notes on the Treatment of Gold Ores 8vo, 2 00 

Sawyer's Accidents in Mines 8vo, 7 00 

Walke's Lectures on Explosives 8vo^ 4. <y^ 

Wilson's Cyanide Processes .VLxaa^ X '^^ 

Wilson's Chlorination Process .VLxasi^ x'tf^ 
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Wilson's Hydraulic and Placer Mining 12mo, 2 00 

Wilson's Treatise on Practical and Theoretical Mine Ventila- 
tion 12mo, 1 25 

SANITAST SCIENCE. 

Fol well's Sewerage. (Designing, Construction and Maintenance.) 

8vo, 3 oa 

" Water-supply Engineering 8vo, 4 00 

Fuertes's Water and Public Health 12mo, 1 60 

" Water-filtration Works 12mo, 2 60 

Gerhard's Guide to Sanitary House-inspection 16mo, 1 00 

Goodrich's Economical Disposal of Towns' Refuse. . .Demy Svo, 3 60 

Hazen's Filtration of Public Water-supplies Svo, 3 00^ 

Kiersted's Sewage Disposal 12mo, 1 26 

Mason's Water-supply. (Considered Principally from a San- 
itary Standpoint Svo, 6 00 

** Examination of Water. (Chemical and Bacterio- 

l^cal.) 12mo, 1 26 

Merriman's Miements of Sanitary Engineering Svo, 2 00 

Nichols's Water-supply. (Considered Mainly from a Chemical 

and Sanitary Standpoint.) (1883.) 8yo, 2 60 

Ogden's Sewer Design 12mO; 2 00 

Richards's Cost of Food. A Study in Dietaries 12mo, 1 OO^ 

Richards and Woodman's Air, Water, and Food from a Sani- 
tary Standpoint Svo, 2 00 

Richards's Cost of Living as Modified by Sanitary Science. 12mo, 1 00 

Rideal's Sewage and Bacterial Purification of Sewage Svo, 3 60^ 

Tumeaure and Russell's Public Water-supplies Svo, 6 00 

Whipple's Microscopy of Drinking-water Svo, 3 60 

WoodhuU's Notes on Military Hygiene 16mo, 1 50 

MISCELLANEOTJS. 

Barker's Deep-sea Soundings Svo, 2 00 

Emmons's Geological Guide-book of the Rocky Mountain Ex- 
cursion of the International Congress of Geologists. 

Large Svo, 1 60 

Ferrel's Popular Treatise on the Winds Svo, 4 (X) 

Haines's American Railway Management 12mo, 2 60 

Mott's Composition, Digestibility, and Nutritive Value of Food. 

Mounted chart, 1 26 

" Fallacy of the Present Theory of Sound 16mo, 1 00 

Ricketts's History of Rensselaer Polytechnic Institute, 1S24- 

1S94 Small Svo, 3 00 

Rotherham's Emphasised New Testament Large Svo, 2 00 

" Critical Emphasised New Testament 12mo, 1 50 

Steel's Treatise on the Diseases of the Dog Svo, 3 60 

Totten's Important Question in Metrology Svo, 2 60 

The World's Columbian Exposition of 1S03 4to, 1 00 

Worcester and Atkinson. Small Hospitals, Establishment and 
Maintenance, and Suggestions for Hospital Architecture, 

with Plans for a Small Hospital 12mo, 1 26 

HEBREW AND CHALDEE TEXT-BOOKS. 

Green's Grammar of the Hebrew Language Svo, 3 00 

'' Elementary Hebrew Grammar 12mo, 1 25 

" Hebrew Chrestomathy Svo, 2 00 

GeaeniuB's Hebrew and Chaldee Lexicon to the Old Testament 

/Scriptures. (TregeWeB."^ ^\xi«0\ \\.Q,\i3^1 morocco, 5 00 

LetteriB'B Hebrew Bible ^^^. '^'^^ 

1^ 
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